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Abstract
Related with recent investigations, plasma actuator or plasma controller has been the most promising flow control
device, and specifically the Dielectric Barrier Discharge flow controller (usually called DBD plasma actuator). The
popularity of these devices comes from the advantages offered by a lower weight and size, absence of moving parts
that would mean, for example, less drag and possible reduction in maintenance.
The experimental study carried out during the last months has been exposed in this document, through which a a
large number of different devices have been built, seeking to identify which factors contribute to a maximization of
the efficiency in terms of different parameters, of plasma generation devices through Dielectric Barrier Discharge
(DBD). For this purpose, the operation and performance of the different configurations of the DBD plasma actuator
were carried out, having into account frequency, pressure, substrate materials and geometrical configuration of
the electrodes; and they have been characterized and quantified from a fundamentally electrical point of view. In
addition, optical spectroscopic analyzes of the plasma generated were done.
The use of ferroelectric materials such as lithium niobate allows to provide new approaches to traditional studies.
Also, it has been able to successfully compare the conclusions derived from this work with other published studies.
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DielectricBarrierDischarge,Plasma,Actuator,Capacitance,microplasma
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Notation
vTe Average quadratic velocity
k Boltzmann constant
Q Charge
I Current
α Degree of Ionization
n Density
−→vd Drag or drift velocity
−→
E Electric field
s Electrode longitude
νe,i Electron-ion collision frequency
νe,n Electron-neutral collision frequency
νe Electron plasma frequency
a Exposed electrode width
f Frequency
p Gas pressure
b Ground electrode width
h Height between exposed-ground electrodes
Z Impedance
T Kinetic temperature
T ′ Kinetic temperature expressed in eV
λD Length of Debye
m Mass
µ Mobility
Λ Plasma Parameter
L Plasma size
IX
X Notation
ε Permittivity
φ Phase difference
P Power
Xbd Referred to “breakdown”
Xe Referred to electrons
Xi Referred to ions
Xn Referred to neutral particles
εr Relative Permittivity or Dielectric constant
R Resistance
γes Secondary electron emission coefficient in the cathode
S Surface/A of the dielectric
t Time/Thickness
ε0 Vacuum permittivity
V Voltage
λ Wavelength
1 Introduction
Laws of physics never stop surprising us as we go deeper into their knowledge, while it offers us new and fascinating
challenges to embark on after each advance, especially to scientists and engineers.
Within these innumerable fascinating fields of study, both technological and purely scientific, to which physics
open its doors, lies the generation of artificial plasmas and all the practical possibilities that their properties allow.
Thus, this work will focus on taking advantage of certain properties to incorporate them into aeronautical engineering,
specifically the control of aerodynamic flow; regarding which it is remarkable the number of investigations and
relevant developments have taken place in recent years. Related with those investigations, plasma actuator or plasma
controller has been the most promising flow control device, and in particular the Dielectric Barrier Discharge flow
controller (usually called DBD plasma actuator).
1.1 Objective
As a theoretical concept, the DBD plasma actuator stands out as a good alternative to, for example, the use of
mobile parts in the wing for the control of surrounding flow; however, it is not yet used as an application for real use.
That is why, despite the fact that there are numerous publications about it, it is still necessary to continue delving
into the analysis of its performance, effectiveness and efficiency; since there are still limits to improve and barriers
to overcome. This has been the reason that has led to this master’s thesis to choose this line of research as a topic,
pretending to contribute to the advances in this field.
The questions that are asked must be answered in a more precise and systematic way, for which different paths
can be followed. As can be seen from the reference literature, the importance of offering systematic and quantitative
answers regarding the operation of plasma actuators arises from the existing need that requires objective parameters
that allow comparing the different designs that are studied between the different groups of research, alluding to the
advantages that could be derived from the use of specific dimensionless parameters for the DBD actuator, since
without them the comparison between the different published studies becomes more complex. In turn, the advance
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in numerical models on plasmas so that the simulations are more detailed and realistic, while considering the
operational conditions of the DBD flow controllers, represents an important line of research in which to advance.
Throughout this work, the characterization and quantification of the operation and yield of the DBD controller is
examined in detail, through the electrical and spectroscopic magnitudes, thus employing a macroscopic and optical
vision respectively of the concept as a tool to quantify its performance. The experimental study has been developed
by varying the frequency of the discharge in a range of low frequencies (1-15 kHz): the type of dielectric material
used as a substrate or barrier, the geometrical configuration of the electrodes (specially to study the influence of
the gap between active and encapsulated electrode) and the pressure, having experimented with near than twenty
different devices that have been manufactured for that purpose. So, summarizing, these are the objectives of this
project:
1. Review of existing academic literature on this issue.
2. Learn how to develop a DBD actuator.
3. Build and test different DBD actuator designs varying electrodes geometry, dielectric material, frequency and
pressure.
4. Use different programs to analyze the voltage and current signals of the generated DBD plasma.
All measurements will be saved in the voltage value in which it is noticeable to the naked eye the appearance
of plasma in the devices. This point will be called interchangeably "breakdown" value or ignition value of the
plasma.
It is important to note that in this document when referring to the concept of "efficiency", this is related to the
voltage necessary to achieve the ignition of the plasma; the more efficient the device will be, the lower the voltage it
needs to produce plasma.
1.2 Methodology
After presenting a broad study about the theoretical basis that support this experimental project, this document
presents everything related to manufacturing and experimentation with different devices, including reasons, results
and conclusions about each step, in order to give response to the claims presented in Section 1.1. As explained
in the previous section, in this work one can find both electrical and spectroscopic analysis of these DBD plasma
actuators, and the study has been developed according to the frequency of the input signal (in a range from 1 kHz to
15 kHz), the pressure of the ambient (from ambient conditions to values of reduced pressure of 20 mbar), the type of
substrate or barrier dielectric material used in the device (quartz, alumina and lithium niobate) and the geometrical
configuration of its electrodes (with special attention in the influence of gap). To achieve the proposed objectives,
the experiments have been framed within four different phases of study, in which particular approaches are had into
account.These phases and their purposes are the following:
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• Phase 1: Basis functional study of DBD actuator with the aim of generating the largest possible amount of
surface covered with plasma
In this first phase it has been studied, mainly, the efficiency of different configurations of a DBD Actuator
with, as explained, the aim of generating the largest possible amount of surface covered with plasma, on the
dielectric layer. For this purpose, reactors with three different electrode configurations (A, B y C) have been
designed, manufactured and powered, and in addition, the effect on two different dielectric materials has been
checked: quartz (SiO2) and lithium niobate (LiNbO3). At the end, 4 devices in total have been developed and
tested: Experiments 1 to 4 –see Table 3.1–.
• Phase 2: Influence of dimension of gap
To this goal, reactors that have been fed they share the same configuration regarding: the shape, number and
function of the electrodes used, composed of an active electrode with a narrow band on the upper face and
another with the same characteristics on the lower face but in this case connected to ground, that is, Type
D configuration. This configuration of electrodes has been mounted on 3 different types of substrates, thus
having 3 different device species, to which the size of the gap between both electrodes has been varied; for
each device, 4 measurements have been made according to the gap: 5 mm, 2,5 mm, 1 mm and canceling the
gap. The substrates used were: quartz (SiO2), alumina (Al2O3) and lithium niobate (LiNbO3). In total, 12
different devices have been built and tested: Experiments 5 to 16 –see Table 3.1–.
• Phase 3: Active muti-electrode configurations
Phase 3 is presented as an evolution of phase 2. In it, active multi-electrode configurations are studied, as
a result of a series of type D configurations adjacent to each other, it means, alternating conductive and
insulating bands. At the end, 3 devices in total have been developed and tested: Experiments 17 to 19 –see
Table 3.1–.
• Phase 4: Experimentation with airflow and at reduced pressure
All the experiments from Phase 1 to 3 have been tested in atmospheric pressure and calm atmosphere
(laboratory conditions), except finally in Phase 4, in which the multi-band device on lithium niobate had been,
on the one hand faced with an air flow and on the other hand tested at reduced pressure. Experiments 20 and
21, respectively –see Table 3.1–.
The fact of sometimes maintaining the same geometric structure and varying the substrate material, as well as,
conversely, maintaining the same barrier material and studying different electrode configurations, makes possible to
establish comparisons between the different results. The chosen mode of comparative analysis is based on electrical
and spectroscopic characterization, for which the necessary equipment circuits are assembled and explained in the
Section 3.4.
The electrical characterization will be carried out from measurements of current and voltage as a function of time
obtained for each of the experiments tested as a function of frequency. Both signals have been analyzed, and from
which the rest of the electrical magnitudes have been calculated and the appropriate graphs have been constructed.
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Regarding the spectroscopic characterization, it has been done by using a monochromator to, in this way, collect
the optical emission spectrum of the air plasma excited by the surface DBD discharge; and the objective is to identify
the composition of the plasma generated.
Respect to the way to expose the results, they have been collected in the same chapter (Chapter 4), and explained
differentiating by operational parameter of study. Finally, in Chapter 5, about conclusions, the results obtained during
this master‘s thesis are compared to other published studies (or completing conclusions with them), as well as they
have been related to Paschen representations.
Excel Spreadsheets, Matlab and OriginPro have been used to process and visualize the data.
1.3 Structure of the document
This document is divided into five chapters and three appendices, whose content is briefly explained in the following
enumeration:
• Chapter 1: Introduction
Include objectives –Section 1.1–, methodology –Section 1.2– and structure of the document –Section 1.3–.
• Chapter 2: Theoretical basis
In this chapter, as an introduction, a summary of the main characteristics that define, firstly, the plasma state
will be presented –Section 2.1–, to later describe the operation of an aerodynamic flow controller through
Dielectric Barrier Discharge –Section 2.2– and, finally, specify what are the general terms of the electrical
and spectroscopic analysis that will be carried out –Section 2.3–.
With this knowledge base, it is tried to familiarize ourselves with the classifications of different types of DBD
plasma controller, and thus be able to understand their different applications based on quantifiable parameters.
• Chapter 3: Design and Construction of DBD plasma controllers
In this chapter, specifically in Section 3.1, are explained all the study phases –and consequently, its devices–
and the reasons why the different configurations were carried out; that is, the design and construction of the
DBD Plasma Actuator. Each one of these devices used will be presented in order to characterize them to
understand the differences between the data obtained from their analysis, which will be shown in Chapter
4. Also, in Section 3.2 and 3.3 a series of considerations regarding the manufacturing of the devices and
about the experimentation are collected respectively; and, finally the experimental procedure and its necessary
resources and considerations will be shown in Section 3.4, including electrical and spectroscopic procedures
and equipment.
• Chapter 4: Analysis and Results
In this chapter the results obtained after carrying out all the experiments and their respective analysis are
presented, from Phase 1 to 4, including comparisons according to the substrate material, the geometric
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configuration of the devices and influence of pressure and frequency. The results are exposed differentiating
by operational parameter of study.
• Chapter 5: Conclusions
In this last chapter are presented the conclusions of this work according to the objectives presented in Section
1.1: influence of dielectric material, geometrical electrode configuration, pressure and frequency in the plasma
ignition, and conclusions about the spectroscopic analysis.
Appendices
Finally, appendices A, B and C, respectively, include representations in reference to Paschen’s curves, a summary
of some interesting data from others SDBD studies and possible lines with which to continue this investigation.

2 Theoretical Basis
In this chapter, a summary of the main characteristics that define, the plasma state will be presented –Section 2.1–,
to later describe the operation of an aerodynamic flow controller through Dielectric Barrier Discharge –Section 2.2–
and, finally, specify what are the general terms of the electrical and spectroscopic analysis that will be carried out
–Section 2.3–.
With this knowledge base, it is tried to familiarize ourselves with the classifications of different types of DBD
plasma controller, and thus be able to understand their different applications based on quantifiable parameters such
as frequency, gap or pressure.
2.1 Plasma physics
Physics has taught us that gases containing electrically charged particles offer an excellent way of manipulating
and transforming materials in a controlled manner. Plasmas are the object of study of the academic field of Plasma
Science or Plasma Physics, including sub-disciplines such as the following fields of active research:
• Plasma theory (Plasma equilibria and stability, Plasma interactions with waves and beams, Guiding center,
Adiabatic invariant, Debye sheath, Coulomb collision, ...),
• Plasma in nature (Astrophysical plasma, Northern and southern (polar) lights, The Earth’s ionosphere,
Interplanetary medium, Planetary magnetospheres, Space plasma, ...),
• Industrial plasmas (Plasma chemistry, Plasma processing, Plasma spray, Plasma display, Plasma sources,
Dusty plasmas, ...),
• Plasma diagnostics (Thomson scattering, Langmuir probe, Ball-pen probe, Faraday cup, Spectroscopy,
Interferometry, Ionospheric heating, Incoherent scatter radar, ...) or
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• Plasma applications (Dielectric Barrier Discharge, Enhanced oil recovery, Fusion power, Ion implantation,
Ion thruster, MAGPIE (Implosion experiments), Plasma ashing, Food processing, Plasma arc waste disposal,
recycling, Plasma acceleration, Plasma medicine, Plasma window, ...).
In this Section, a general review of plasma physics will be carried out by answering a series of questions that
present both its definition and its main characteristics that allow us to understand how plasma is classified. These
questions are three:
1. What is plasma? –Section 2.1.1–.
2. What are the main characteristic magnitudes of the plasma state?
3. How can different plasma states be classified?
Through question 2 you will be responding to question 3 in the aspects that interest us, so both will be answered
in Section 2.1.2.
2.1.1 What is plasma?
Langmuir, in his works initiated in the twenties to develop valves that allowed the passage of high currents, introduced
in 1929 the word plasma to describe ionized gases. Everything seems to indicate that 99% of the visible matter of
Universe is in plasma state. He described the plasma he observed as follows:
“Except near the electrodes, where there are sheaths containing very few electrons, the ionized gas contains ions
and electrons in about equal numbers so that the resultant space charge is very small. We shall use the name plasma
to describe this region containing balanced charges of ions and electrons.”[2]. The term “plasma” refers to total
or partially ionized gases, that presents collective behavior, corresponding to the fourth state of matter[3].
This overall behavior is due to the long range of electric forces and the existence of mobile charges can cause a
slight local loss of spatial neutrality, which causes electric fields to which the loads are subject. Also as a consequence
of the movement of them, magnetic fields are produced that will exert dynamic actions on the charges.[4] As to
how this state is reached, the transition from gas to plasma takes place in a smooth way, whereby the plasma state
is generally constituted by a gas of electrons, ions and neutral particles. At a macroscopic scale, plasmas present
quasi-neutrality1[6]; a quasi-neutral state refers to the concentration of positive and negative charges is approximately
equivalent. These particles are unbound, but it doesn’t mean that they are free in the sense of not experiencing
forces, because moving charged particles generate an electric current within a magnetic field, and any movement of
1 There are also non-neutral or unstable plasmas. The strength and range of the electric force and the good conductivity of
plasmas usually ensure that the densities of positive and negative charges in any sizeable region are equal ("quasineutrality"). A
plasma with a significant excess of charge density, or, in the extreme case, is composed of a single species, is called a non-neutral
plasma. In such a plasma, electric fields play a dominant role. Examples are charged particle beams, an electron cloud in a
Penning trap and positron plasmas.[5]
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a charged plasma particle affects and is affected by the fields created by the other charges. In turn this fact governs
collective behavior with many degrees of variation.
So, plasma is a state of matter in which an ionized gaseous substance becomes highly electrically conductive to
the point that long-range electric and magnetic fields dominate the behavior of the matter[7][8]. Most of matter in
the visible Universe is in a plasma state; unlike other states of matter, plasma is rare on the Earth’s surface under
normal conditions, and is mostly artificially generated from neutral gases.
Three factors define a plasma: the plasma approximation, bulk interactions and plasma frequency[9], but
they will be discussed in Section 2.1.2. Thus, regarding ionization, ionized gases cover a wide range of thermodynamic
properties and regimes depending on the values that can be associated with important properties that characterize
them, such as electronic density, ne, ion density, ni, and temperature of the electrons, Te; and these different regimes
to which reference is made, can be achieved both naturally and by industrial processes. It is important, therefore, to
develop a characterization of types of plasmas, so that they can be identifiable and, therefore, also lead us to develop
the most desired configuration of DBD controller through the representative parameters of each different plasma.
It is important to be aware that in spite of being able to define relatively simple mathematical models that
characterize plasma physics, in reality, the behavior of the plasma can be extraordinarily varied and subtle, and the
appearance of unexpected behaviors from a simple model it leads us to develop complex systems. These systems
are, in some way, at the limit between ordered and disordered behavior, since they can not normally be described by
simple and fluid mathematical functions, nor by sheer randomness. The spontaneous formation of interesting spatial
features on a wide range of length scales is one manifestation of plasma complexity. Examples of complexity and
complex structures in plasmas include: filamentation (striations or string-like structures also known as Birkeland
currents), Dusty plasma/grain plasma, non-neutral plasma –already described– or impermeable plasma[10]; however,
it is not the purpose of this work to delve into these aspects.
Derived from nature of this state of matter, there are quite interesting properties. Because they are charged,
plasmas can be manipulated with electric and magnetic fields, and can be used to effect technologically useful
physical and chemical transformations in controllable ways. two of them will be highlighted right now, such as being
able to control the direction/confinement of the plasma through electromagnetic fields; and the generation of the
"sheath” effect in the contact zone between plasma and solids. Respect to the first, the literature [4] says that the
name "plasma" seems to be related to the possibility of shaping ("plasmar" in Spanish) using electric and magnetic
fields, thus avoiding the need for a container or container, as is the case with fluids; this first property has many
applications, for example, the concept applied by ionic propellers, which can dispense with physical nozzles by
replacing them with an electromagnetic field that directs the output flow, thus avoiding temperature limitations on
the flow that the materials of nozzles require to be able to resist. Regarding the second property, it will be explained
in a little more detail below.
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Plasma-wall interaction: Sheath effect
The "sheath effect” refers to the effect that comes from the called plasma-wall interaction, referred to the phenomena
take place as a result of the contact of the plasma with a solid body, not only on the contact surface but also inside the
plasma (recycling, transfer of matter and energy, ...) as the solid (diffusion, structural changes, ...). So, in general, for
artificially generated plasmas, the phenomenon known as "plasma recycling” occurs, which occurs when plasma is
in contact with solid matter. This solid matter acts as a sink for the plasma, so that ions and electrons precipitate on
the solid and recombine, thus emerging as neutral atoms, which return to ionize in the plasma, usually by collision
with electrons. In this way, while the solid acts as a sink for the plasma, it also feeds the source that generates new
plasma in its vicinity, with neutral atoms.
This phenomenon occurs because in a plasma the electrons usually have a greater mobility in comparison with
the ions, due to the difference of masses that exist between them –the electrons have a temperature on the order of
magnitude or greater than that of the ions and are much lighter too–. This fact causes the electrons to spread rapidly
(at least they are faster than the ions by a factor of
√
mi/me where mi is the ion mass and me is the electron mass),
generating at the same time an electric polarization field that separates the charges that, in the absence of another
force, will make the flow of electrons come back restoring the quasi-neutrality of the plasma. Here, this means the
electronic diffusion is limited by the diffusion of ions; process that receives the name of ambipolar diffusion. [12]
At the interface to a material surface, therefore, the electrons will fly out of the plasma, charging the surface
negative relative to the bulk plasma. Due to Debye shielding, the scale length of the transition region will be the
Debye length, λD. As the potential increases, more and more electrons are reflected by the sheath potential. An
equilibrium is finally reached when the potential difference is a few times the electron temperature –see Fig. 2.1–
.[13] [14]
figure 2.1 Plasma and plasma sheath.
Source of the image: [11].
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It means, due to this mobility difference, electrons will be the first species to reach a surface exposed to plasma.
This causes the appearance of a gradient of electric potential in the plasma in contact with the surface, a gradient
that is rapidly attenuated by the effect of protecting of charges at distances in the order of the length of Debye
–see Section 2.1.2– [15]. This region in which the potential decays from its value in the plasma to the floating
potential of the surface is called a sheath (or Debye/electrostatic sheath 2 to differentiate it from magnetic sheath)
and, therefore, is formed between plasmas and electrodes or walls, been the transition between them3, which has
different advantages to apply in different fields of science.
2.1.2 What are the main characteristic magnitudes of the plasma state? How can
different plasma states be classified?
In this Section will be constructed through the enumeration of the most important parameters from the point of view
of which determines each type of plasma according to projects that have extensively studied the classification of the
fourth state of matter. In Notation (page IX) there is a list of all physical properties and constants that are going to be
mentioned in this work.
Previously, it was be exposed that three are the factors that define plasma: the plasma aproximation, bulk
interactions and plasma frequency; and, also, were mentioned properties as electronic density, ion density and
temperature of electrons as three fundamental properties for classification of plasmas, directly related to the first
ones. Right now, these three first fundamental factors will be briefly described as an introduction to the enumeration
that will be the goal of this Section, since the following three magnitudes establish the said factors: Debye length,
mean kinetic temperature and charge density –or electronic density–.
1. The plasma approximation: The plasma approximation applies when the plasma parameter, Λ4,[23] represen-
ting the number of charge carriers within the Debye sphere surrounding a given charged particle, is sufficiently
2 Plasmas are complicated because motions of electrons and ions are determined by the electric and magnetic fields but also
change the fields by the currents they carry.
The magnetic sheath is a plasma-wall interaction effect. It says that in presence of a magnetic field, the particles describe
Larmor’s orbits. In this case, electrons are more mobile than ions, but in the direction of the magnetic field, so that the sheath is
also formed. Now there is a magnetic sheath zone and an electrostatic sheath zone. The magnetic sheath is determined by the
change in the trajectories of ions in the direction of the surface.[16]
3 Similar physics is involved between two plasma regions that have different characteristics; the transition between these
regions is known as a double layer, and features one positive, and one negative layer, i.e., a double layer is a structure in
a plasma consisting of two parallel layers of opposite electrical charge. The sheets of charge, which are not necessarily
planar, produce localised excursions of electric potential, resulting in a relatively strong electric field between the layers and
weaker but more extensive compensating fields outside, which restore the global potential.Ions and electrons within the double
layer are accelerated, decelerated, or deflected by the electric field, depending on their direction of motion.[17]
Double layers can be created in discharge tubes, where sustained energy is provided within the layer for electron acceleration
by an external power source. Double layers are claimed to have been observed in the aurora and are invoked in astrophysical
applications. Similarly, a double layer in the auroral region requires some external driver to produce electron acceleration.[18][19]
Electrostatic double layers are especially common in current-carrying plasmas, and are very thin (typically ten Debye lengths).
[20]
4 The plasma parameter, Λ, is a dimensionless number, usually interpreted to be the argument of the Coulomb logarithm, which
is the ratio of the maximum impact parameter to the classical distance of closest approach in Coulomb scattering. In this case,
12 Chapter 2. Theoretical Basis
high as to shield the electrostatic influence of the particle outside of the sphere.[44][45]
2. Bulk interactions: The Debye screening length (defined below) is short compared to the physical size of the
plasma. This criterion means that interactions in the bulk of the plasma are more important than those at its
edges, where boundary effects may take place. In consequence, When this criterion is satisfied, the plasma is
quasineutral.[27]
3. Plasma frequency: A gradient in space-charge fields is formed when a plasma is disturbed from equilibrium,
resulting in collective wave-like oscillatory particle motions that work to restore the original macroscopic
neutrality. In consequence, the plasma frequency is the time-scale used to describe the collective natural
frequency of such oscillations, and these these oscillations are inherently related to the stability of a plasma’s
charge neutrality. [28]
The electron plasma frequency, νe, (that it measures plasma oscillations of the electrons) is large compared to
the electron-neutral collision frequency, νe,n, (measuring frequency of collisions between electrons and neutral
particles); so, when this occurs making that this condition were valid: electrostatic interactions dominate over
the processes of ordinary gas kinetics.[29]
The proper frequency of plasma oscillations due to the collective character, called plasma frequency, is directly
proportional to the square root of the concentration of the charged species and inversely proportional to the
square root of the mass, consequently, its values for electrons and ions are quite different.
If plasma is subjected to a frequency disturbance lower than the plasma frequency of the charged particles
(electrons and ions), they will respond trying to maintain the neutrality of the whole.The presence of magnetic
fields causes causes anisotropic behavior in the plasma.[24] [25]
In a general way, the parameters that characterize plasmas will be the average concentration of electrons that
it supposed equal to that of ions (monopositive), and the concentration of neutrons, or equivalently the degree of
ionization, and on the other hand the energy distributions and the average energies or the equivalent temperature.
Once the foregoing is stated, the magnitudes that allow the establishment of categories or conclusions as those
referred to so far are are listed after this paragraph.
the plasma parameter is given by equation 2.1, indicates the average number of particles contained in a sphere whose radius is
the length of Debye (Debye sphere) –page 13–. [23]
Λ= 4pineλ
3
D (2.1)
where ne is the electronic density and λD the Debye length.
The definition of plasma, according to which the electromagnetic interaction of a particle with the multitude of distant
particles dominates over the interaction with the few nearby neighbors, can be written in terms of the plasma parameter as
Λ 1.[22][23]
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• Debye length, λD:
As previously mentioned, the characteristic of quasineutrality is often associated with plasmas, however, this
happens on a macroscopic scale, while on a microscopic scale this characteristic does not necessarily have to
occur; this means that although large-scale equiparity occurs, spatial charges located within the plasma may
appear.
The characteristic magnitude that allows comparing these two scales is the length of Debye, λD, also called
Debye radius or Debye’s shielding distance (equation 2.2, which for cold plasmas becomes equation 2.3)
named after the Dutch physicist and physical chemist Peter Debye, is a measure of a charge carrier’s net
electrostatic effect in solution and how far its electrostatic effect persists. It is the scale through which mobile
charge carriers –for example, electrons– generate a shielding of electric fields in plasmas and other conductors.
In other words, the length of Debye, related to the volumetric concentration of loads and temperature, is the
distance over which a significant load separation can occur.
λD =
√
nee2
ε0
(
1
kTe
+
1
kTi
)−1
(2.2)
λD =
√
ε0kTe
nee2
(2.3)
where ε0 is vacuum permittivity, k is the Boltzmann constant, Te and Ti is, respectively, kinetic temperature of
the electrons and of the ions, ne is electronic density y e is the elementary charge. See Section Notation, IX to
know the values, whenever needed, even if no explicit reference is made.
The length of Debye thus defines the spatial range of a plasma, which can compromise the charge balance.
Thus, the plasma is considered quasi-neutral when the plasma size, L, is greater than the length of Debye, λD.
Also, as already mentioned in Section 2.1, it also characterizes the thickness of the sheaths, which are formed
between plasmas and electrodes or walls. I.e., the Debye sheath or electrostatic sheath, is a layer in a plasma
which has a greater density of positive ions, and hence an overall excess positive charge, that balances an
opposite negative charge on the surface of a material with which it is in contact –see Fig. 2.1–. This layer is
several Debye lengths thick, anad it depends on various characteristics of plasma like temperature, density,
etc.[15]
Analogous to the definition given for the concept, similarly, a Debye sphere is the volume whose radius is a
length of Debye, within which there is a sphere of influence, and out of which the charges are “shielded”5.[48]
5 A screen/shielding effect is one that can attenuate a force or interaction. From a perspective of atomic physics, the screen effect
on outermost electrons of an atom is described as the attenuation of net attractive force on the electron, due to the presence of
other electrons in lower layers and of the same energy level. The screen effect, then, is a barrier of electrons of the same level,
which exert repulsive forces on higher level electrons, thus decreasing the probability of finding these electrons at lower levels.
Each level produces screen queue effect; the greater the number of electrons, the greater the screen effect.
Regarding the view of quantum physics, this effect is the interference that exists between the last orbit of an atom and its
nucleus.[47]
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In summary, “the length of Debye is a measure of the shielding that makes a plasma of an electrostatic
alteration such as an electrode. In its proximity a space charge or pod region is generated. To be able to
consider that a plasma exists, it must be fulfilled that its dimensions are much greater than the length of
Debye, otherwise we are in a situation of ionized gas. An equivalent way of talking about a Plasma is to
indicate that the number of particles within a sphere whose radius is the Debye length is very high.” [30]
• Mean Kinetic temperature, Te:
Plasmas do not have to be homogeneous, that is, the concentrations and temperatures are the same at all
points; often, there are inhomogeneities, which implies the existence of diffusion processes associated with
the gradients of these characteristic magnitudes.
Usually, the particles of a certain kind of plasma located at a given point do not have the same speed: on the
contrary, there is a distribution that in thermal equilibrium is described by Maxwell-Boltzmann distribution;
the higher the temperature, the greater the dispersion of the speeds6. So, unlike neutral gases, where there is a
single value of temperature for the entire volume, in the ionized gases different species can have different
temperatures7; but for plasmas in thermodynamic equilibrium, all electrons, ions and neutrons have the
same temperature, Te, that it means that there is not significant energy flows within the plasma. Respect to
non-equilibrium plasmas the temperature is in the order of T ′e ≈ 1−10eV , while the temperature of ions
and neutrals does not exceed room temperature significantly.[31][33][34]
Based on the relative temperatures of the electrons, ions and neutrals, plasmas are classified as "thermal” or
"non-thermal” (also referred to as "cold plasmas"):
– Thermal plasmas: electrons and heavy particles are at the same temperature, it means all of them are in
thermal equilibrium with each other (Te = Ti = Tgas).
– Non-Thermal plasmas: are non-equilibrium ionized gases, with two temperatures: ions and neutrals stay
at a low temperature (sometimes room temperature), whereas electrons are much hotter (Te Ti = Tgas).
So, they can be defined on this category either the ion and electron temperatures being different, or if
the distribution of velocities of the two species does not satisfy the Maxwell-Boltzmann distribution.
6 One measure of such dispersion is the average quadratic velocity which, at equilibrium, is also called thermal velocity. It is
frequent, although formally incorrect like the specific literature indicates, to also speak of thermal speed and temperature in
plasmas far from the thermodynamic equilibrium. [Citation needed] In this case, the temperature that would correspond to a
determined average quadratic speed is mentioned. The thermal speed of electrons is vTe =
√
kTe/me, where k is the Boltzmann
constant and me is the electron mass.
In most cases, electrons are fairly close to thermal equilibrium, even when there is a significant deviation from the
Maxwell energy distribution function (for example, due to UV radiation, energetic particles or strong electric fields). However,
due to the large difference in mass between the neutral atoms and electrons, the electrons reach thermal equilibrium between
them, much faster than they come into equilibrium with atoms or neutral atoms; why the temperature of the united-states can be
very different from the temperature of the electron, and the temperature of the system is usually lower than that of the electron, it
is very common in weakly ionized technological plasmas, where human beings are often close by of the room temperature[31]
7 In this situation of non-thermodynamic equilibrium, we speak of electronic temperature and ionic temperature. An additional
complication arises from using different temperatures for the (massive) ions and neutrals: gas temperature, which reflects
the translational energy, excitation temperature, which indicates the location of the excited particles ( interna energy), the
temperatures of ionization and dissociation, which characterize these processes, and the radiation temperature that quantifies
the radiated energy, this is the exchange with the environment by emission of photons.[35]
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Interesting for this work, cold plasmas are industrially produced in electric discharges by applying
a potential difference (voltage) of direct current (DC) to a gas under reduced pressure; or also using
alternating current (AC) voltages, either RF (radio frequency assigned to industrial use 13.56 MHz), or
microwave (frequency assigned 2.45 GHz). In the case of variable voltages with time, it can be resorted
to applying them directly to electrodes in contact with the gas or inductive or capacitive coupling
without electrodes.
As for the unit of measurement of temperature, kinetic temperature T ′ is usually used in electronvolts instead
of in Kelvins, this unit –a measure of energy– thus becoming, informally, a measure of the thermal kinetic
energy per particle. This conversion –equation 2.4 - is used because high temperatures are usually needed to
maintain the plasma ionization:
T ′ ≡ kT (2.4)
where T ′ is kinetic temperature expressed in electronvolts, T is kinetic temperature expressed in Kelvins and
k is the Boltzmann constant.
• Charge density or electronic density, ne:
For plasma to exist, ionisation is necessary, the term "plasma density" by itself usually refers to the "electron
density". So, the charge density, n, measures the quantity of charges within a particular volume of gas, that it
the same that the electron density (ne), that is how many free electrons, not bound to an atom, there are in a
given volume; since all plasmas have some degree of ionization, this means that there are electrons that have
been stripped from atoms, and are moving around, while the atoms are converted into ions.
The degree of ionization, α , of a plasma is the proportion of atoms that have lost or gained electrons, and is
controlled by the electron and ion temperatures and electron-ion vs. electron-neutral collision frequencies; i.e.,
is determined by temperature of electrons in relation to ionization energy (and more weakly by the density of
charge), governed by Saha ionization equation (also known as the Saha–Langmuir equation)8
8 Saha equation –equation 2.5, for a gas composed of a single atomic species– describes the degree of ionization for any gas in
thermal equilibrium as a function of the temperature, density, and ionization energies of the atoms. The Saha equation only
holds for weakly ionized plasmas, for which the Debye length is large. Saha equation is useful for determining the ratio of
particle densities for two different ionization levels.[39][23]
ni+1ne
ni
=
2
λ 3
gi+1
gi
exp
[
− (εi+1− εi)
kT
]
(2.5)
where ni is the density of atoms in the i-th state of ionization (that is with i electrons removed), gi is the degeneracy of states
for the i-ions, εi is the energy required to remove i electrons from a neutral atom, creating an i-level ion, ne is the electron
density λ is the thermal de Broglie wavelength of an electron, me is the mass of an electron T is the temperature of the gas, k is
the Boltzmann constant and h is the Planck’s constant.
The expression (εi+1− εi) is the energy required to remove the (i+ 1)th electron. In the case where only one level of
ionization is important, one has n1 = ne and defining the total density n as n= n0+n1, the Saha equation simplifies to equation
2.6.
n2e
n−ne
=
2
λ 3
g1
g0
exp
[−ε
kT
]
(2.6)
where ε is the energy of ionization.[49]
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Thus, generally a criterion widely used to classify plasmas is its kinetic temperature and its density of charged
particles, as can be seen in Fig. 2.2 developed from the diagrams of Boeuf[43], Braithwaite[36], Jolibois[37]
and Smirnov[38]. The formula for α is in equation 2.7, only depends on ion density, ni and neutral-particles
density, nn. [41]
α =
ni
ni+nn
(2.7)
figure 2.2 Classification of plasmas characterized by electronic density, ne, and electronic temperature, Te. Source of
the image: [43][36][37][38].
One can differentiate between fully ionized plasmas, partially or weakly ionized gases. In a plasma, the electron-
ion collision frequency, νe,i, is much greater than the electron-neutral collision frequency, νe,n. Therefore, with a
weak degree of ionization the electron-ion collision frequency can equal the electron-neutral collision frequency:
νe,i = νe,n, being the limit separates a fully ionized plasma from a weakly ionized plasma.
• Fully ionized plasmas: the term was introduced by Lyman Spitzer, and it means that the plasma is in a
Coulomb-collision dominated regime, i.e., νe,i > νe,n, which can correspond to a degree of ionization as low
as 0.01%.[42]
• Partially ionized plasmas: the plasma is not dominated by Coulomb collisions, i.e. when νe,i < νe,n, this means
that the screening of the Coulomb interaction of ions and electrons by other ions and electrons is negligible
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(α 1). In this case, it can be assumed as a hypothesis that collisions mainly occur between charged particles
and neutral atoms, and that collisions between charged particles can be practically disregarded.
Most of technological (engineered) plasmas are weakly ionized gases.
Relating the density to the speed or frequency of collision, logically, the amount of movement that is
transferred in the collisions per unit of time increases with the number of molecules in a specific volume of
the gas; and in addition, the collision frequency, νm, is proportional to the density, nn, and consequently to the
gas pressure, p, nevertheless, the dependency with the collision speed can be neglected in first approximation
–relation is in equation 2.8–. [50] [51]
νm ∝ nn ∝ p (2.8)
By comparing different collisions with each other, loads will surely be accelerated in random directions. In
this way, provided an uniform external electric field, −→E , this random movement will be governed by a systematic
movement in the direction of the field, which is known as drift. If this movement is averaged over numerous collisions,
the drag or drift velocity, −→vd , is obtained –equation 2.9–.
−→vd =

−µ−→E for positive particles
−µ−→E for negative particles
(2.9)
where µ is mobility like µ = e/mνm, valid for any value of the electric field, since it is assumed that in first approxi-
mation the mobility is only a function of the collision frequency[33][51]. Because the mass, and its corresponding
inertia, are larger in ions than in electrons, the mobility of the ions is several orders of magnitude less than the
mobility of the electrons: µi µe.
As one has seen, different approaches can be used to classify Plasmas.
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2.2 DBD Plasma Actuator
In recent times, the development of plasmas artificially (industrially), the so-called technological plasmas, has
become a reality with many future possibilities in very varied applications (surface engineering, biomedical,
environmental, manufacturing, propulsive, energy sources, ...). This vast field of possibilities is favored by, as one
has already seen, the amount of possible alternatives in which plasma can present itself, with a wide range of
temperatures and pressures.
Most artificial plasmas are generated by application of electric and/or magnetic fields through a gas, causing its
ionization, or to a solid to achieve an ionizing sublimation. Different energetic approaches are applied to achieve this
objective. In general, plasma generated in a laboratory setting and for industrial use can be categorized by[52]:
• The type of power source used to generate the plasma
• The pressure they operate at
• The degree of ionisation within the plasma
• The temperature relationships within the plasma
• The electrode configuration used to generate the plasma
• The magnetization of the particles within the plasma
The work objective of this project is focused on the generation of technological plasma through Dielectric Barrier
Discharge (hereinafter “DBD”) reactors –see page 7–, studying the influence of gap, pressure, frequency and material;
for possible aerodynamic flow control purposes. So, in this part of the document a review of the physics of discharges
on gases will be shown to understand how plasma is generated –Section 2.2.1– to later expose, specifically, the bases
of generation of plasma by Dielectric Barrier Discharge –Section 2.2.2–, and finally go on to explain the general
concept of the device and its applications –Section 2.2.3–.
2.2.1 Electrical discharges in gases
In this Section, basic ideas about the mechanism and discharge status are exposed, to understand the operation of the
plasma flow controller generated by gas discharge.
Three parts are going to be distinguished: basic aspects –Section 2.2–, voltage-current characteristics –Section
2.2– and breakdown voltage and Paschen curve –Section 2.2–.
Basic aspects of discharges in gases
Electric discharge in gases occurs when electric current flows through a gaseous medium due to ionization of the
gas. Depending on several factors, the discharge may radiate visible light (glow discharge).
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First investigations on discharges in gases were mainly concentrated in low pressure discharge tubes, whose
scheme can be seen in Fig. 2.3. Unlike them, plasma controllers are devices that work with alternating current, AC,
and in a range of frequencies between 50Hz and 30 kHz, with an inhomogeneous and at least two-dimensional
electric field. This implies more complexity in the corresponding download mechanisms and therefore does not
allow an exact definition of the properties of the download. Despite this difference, some aspects of the direct current
case DC discharge mechanism can also be used for a description of the fundamental aspects of the AC case. [0][54].
figure 2.3 Discharge tubes. Low pressure discharge tubes are the famous fluorescent tubes today. Source of the image: [53].
The fact that plasma controllers can operate at non-reduced pressure offers a lot of possibilities.
Voltage-Current characteristics of discharges in gases
The increase in voltage between the two electrodes in a low pressure discharge tube leads to a non-linear voltage-
current relationship –see Fig. 2.4–. There are three types of discharge regimes, these are: Dark Discharge (dark
current mode), Glow Discharge (normal glow mode) and Arc Discharges (arc mode). [55][56][0]
1. Dark current mode: Apart from the exception of the corona discharge, this discharge regime remains invisible
to the naked eye and is therefore called dark discharge.
• A-B: During the background ionization stage of the process the electric field applied along the axis of
the discharge tube sweeps out the ions and electrons created by ionization from background radiation.
Background radiation from cosmic rays, radioactive minerals, or other sources, produces a constant and
measurable degree of ionization in air at atmospheric pressure. The ions and electrons migrate to the
electrodes in the applied electric field producing a weak electric current. Increasing voltage sweeps out
an increasing fraction of these ions and electrons. I.e., at low voltage there are very few charges that
contribute to current flow. In this regime an increasing number of the charges generated are accelerated
towards the electrodes as the voltage increases.
• B-C: Once all the charges produced reach the electrodes, there is a stagnation in the current in the
saturation regime, in which the energy levels are too low to create new secondary loads. Because if the
voltage between the electrodes is increased far enough, eventually all the available electrons and ions
are swept away, and the current saturates. So, in the saturation region, the current remain constant while
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figure 2.4 Typical V/I plot of a glow discharge (DC). The main characteristics of the discharge such as the breakdown
voltage, the voltage current characteristic and the structure of the discharge depend on the geometry of the
electrodes, the gas used, the pressure and the electrode material.[55][56] Source of the image: [102].
the voltage is increased. This current depends linearly on the radiation source strength, a regime useful
in some radiation counters.
• C-D: If voltage across the low pressure discharge tube is increased beyond point C, the current will
rise exponentially. The electric field is now high enough so the electrons initially present in the gas can
acquire enough energy before reaching the anode to ionize a neutral atom. As the electric field becomes
even stronger, the secondary electron may also ionize another neutral atom leading to an avalanche
of electron and ion production. The region of exponentially increasing current is called the Townsend
discharge; and in this regime the electric field is high enough so that the primary charges partially ionize
the gas; and, like it has been said, due to these new charges acquire enough field energy to ionize the gas,
avalanche discharges appear, leading to an exponential growth of the current as the voltage increases.
• D-E:Corona (crown) discharges may appear in the later stages of the Townsend regime, where between D
and E a localized increase of the field exceeds the breakdown point of the gas. These local concentrations
are caused by peaks, side edges or roughness of the electrodes.
Definetly, corona discharges occur in Townsend dark discharges in regions of high electric field near
sharp points, edges, or wires in gases prior to electrical breakdown; and if coronal cuurents are high
enough, corona discharges can be technically “glow discharges”, visible to the eye. However, for low
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currents, the entire corona is dark, as appropriate for the dark discharges9. E (Electrical breakdown)
occurs in Townsend regime with the addition of secondary electrons emitted from the cathode due to
ion or photon impact. At the breakdown, or sparking potential,the current might increase by a factor of
104 to 108, and is usually limited only by the internal resistance of the power supply connected between
the plates.
2. Normal glow mode:
• E-F: Once the breakdown voltage is reached at point E, an electrical break occurs followed by a
DISCONTINUOUS transition from E to F to the glow discharge regime. The large potential difference
between the electrodes drops due to the significant increase in the current flow, and therefore the plasma
becomes visible.
• F – G: After reaching point F, the gas enters the normal glow/luminiscent region, in which the voltage is
almost independent of the current over several orders of magnitude in the discharge current, and current
increases. The electrode current density is independent of total current in this regime. This means that
the plasma is in contact with only a small part of the cathode surface at low currents. As the current is
increased from F to G, the fraction of the cathode occupied by the plasma increases, until plasma covers
the entire cathode surface at point G.
• G –H: In the abnormal glow regime above point G, the voltage increases significantly with the increasing
total current in order to force the cathode current density above its natural value and provide the desired
current, because once the cathode is completely covered, a considerably high voltage rise is needed to
achieve an abnormally high current density (and this result is achieved in electrodes heated in succession
and in an incandescent cathode at point H). Go on from C and moving to the left to lower currents, a
form of hysteresis-cycle is observed in the voltage-current characteristic curve: the discharge maintains
itself at considerably lower currents and current densities than at point F and only then makes a transition
back to Townsend regime; it means, the luminescent discharge is maintained below F, once it has been
established.
At point F’the transition back to the Townsend regime occurs without going through the Townsend discharge
or crown again.
3. Arc mode:
• H-I: The electrodes at point H become sufficiently hot that the cathode emits electrons thermionically.
In consequence, if the DC power supply has a sufficiently low internal resistance, the discharge will
undergo a glow-to-arc transition (H-I).
• I-J: The transition is followed by a regime of non-thermal arcs (I-J), where the voltage required for the
discharge decays rapidly due to the additional loads of the thermionic emission: the arc regime, from I
9 Related phenomena include the silent electrical discharge, an inaudible form of filamentary discharge, and the brush discharge,
a luminous discharge in a non-uniform electric field where many corona discharges are active at the same time and form
streamers through the gas.
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through K is one where the discharge voltage decreases as the current increases, until large currents are
achieved at point J, and after that the voltage increases slowly as the current increases.
• J-K:Since this influence grows with the heating of the electrons, the effect corresponds to a characteristic
negative resistance. Beyond the local voltage minimum at point J, the voltage-intensity curve again
reaches the thermal arc regime (J-K) towards thermal equilibrium at point K.
As we already know, the above discussion introduces the main characteristics that describe a low pressure discharge.
For levels of atmospheric pressure and more inhomogeneous electric fields, direct breakdowns by arcs can occur,
which can be maintained with sufficient current applied (indicated in Fig. 2.4 by dotted lines and by the point E’).
Depending on the geometrical conditions and the gas, it is possible that there is a direct transition from the
Townsend discharge or corona to the arc discharge (E’-I).[57]
Breakdown voltage and Paschen curve
The measurements of the experiments carried out have been saved at the ignition voltage appreciable by the naked
eye. Theorically, the breakdown voltage, Vbd , (ignition/breakdown potential), signaled with point E in Fig. 2.4, is a
system instability resulting from discharge and high voltage, and is crucial since before that point (period CE) the
discharge is only possible through the emission of secondary electrons. Beyond point E the ionization avalanche
provides a sufficient amount of electrons to maintain a self-sustaining discharge. [58]
The interest of this project is that said breakdown voltage, and its corresponding electric firing field, depend both
on the material of the electrode, the geometry and the distance between electrodes, and on the species of gas and
pressure, as well as on the the characteristics of the substrate used in the case in question, DBD actuators.
At the end of the 19th century, Paschen formulated a law with the same name (equation 2.10) in which it was
established that for a given gas, the ignition voltage is only a function of the product pg (where g the distance
between electrodes) and the secondary electron emission coefficient in the cathode γes. [62][135] –see Fig. 2.5–. For
all gases there is a minimum ignition voltage, depending on pg, which corresponds to the Stoletow benchmark of
better efficiency, which implies a minimum power consumption of the discharge.
Vbd =
Bpg
ln(Apg)− ln[ln(1+ 1γes )]
(2.10)
where p is pressure in pascals, g distance between electrodes in meters, is the coefficient of emission of secondary
electrons in the cathode, A is the ionization of saturation in the gas at a particular value of E/p, and B is related to
ionization and excitation energies. The values A and B are determined experimentally, and what is obtained is that
they are approximately constant in a strict range of values of E/p for a given gas. For example, For example, in the
case of air with values of E/p between 450 and 7500 V(kPa cm)−1, we have values for the constants of A= 112.50
(kPa cm)−1, and B= 2737.50 V(kPa cm)−1.[135] [62]
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figure 2.5 Paschen curves for different gases. The parameter d refers to the distance between electrodes, in the present
document it is represented as g. Source of the image: [60]. .
2.2.2 Dielectric Barrier Discharge Plasmas Theory: Characterization
Dielectric Barrier Discharge (DBD) –see Fig. 2.6– is a non-thermal electrical discharge generated by the
application of high voltages across small gaps wherein a non-conducting coating prevents the transition of
the plasma discharge into an arc10. It is characterized by having at least one layer of an insulating dielectric barrier
located between the electrodes. When a high voltage is applied between the electrodes some arcs are randomly
generated among them caused by the accumulation of charges on the surface of the dielectric material –Section 2.2–,
this generates thousands of discharges in microseconds which provides the degree of ionization required to sustain a
discharge of plasma.
figure 2.6 Filamentous Dielectric Barrier Discharge. The photograph shows an atmospheric DBD discharge occurring in
between two steel electrode plates, each covered with a dielectric (mica) sheet. The filaments are columns of
conducting plasma, and the foot of each filament is representative of the surface accumulated charge.
The discharge is taking place in normal atmospheric air, at about 30 kHz, with a discharge gap of about 4 mm. The
“foot” of the discharge is the charge accumulation on the barrier surface.Source of the image: [78] .
Because the DC current can not pass this dielectric barrier, it is required to operate in AC11 for the operation
10An electric arc, or arc discharge, is an electrical breakdown of a gas that produces an ongoing electrical discharge.
11The process normally uses high voltage alternating current, ranging from lower RF to microwave frequencies. However, other
methods were developed to extend the frequency range all the way down to the DC. One method was to use a high resistivity
layer to cover one of the electrodes. This is known as the resistive barrier discharge. [75][76]
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of the DBD device. In addition, this fact offers the advantage of locating the electrodes, or at least one of them,
separated from the discharge, that is to say without being in contact with it [63]. This can be very beneficial when,
for example, highly aggressive gases are used.
So, plasma controllers used in this project act at AC voltages, that is, the electric field periodically changes sign,
so when the AC voltage is applied, a discharge appears on the surface of the dielectric. Therefore, in the operation,
the discharge appears every half cycle of the applied AC voltage.
figure 2.7 Examples of typical configurations of Dielectric Barrier Discharge in volume (VD). Source of the image: Own
image .
figure 2.8 Examples of typical configurations of Dielectric Barrier Discharge in surface (SD). Source of the image: Own
image .
Unlike most other non-equilibrium discharges, the Dielectric Barrier Discharge can operate at high pres-
sures, in a range of 10−1−101 bar.
Also, there are both class types Volume Discharge (VD) and Surface Discharge (SD), like you can see in Fig. 2.7
and 2.8, respectively. The main difference between these two configurations is that in the VD discharge the rupture
occurs through the gas in the space between electrodes, while in the SD discharge the rupture grows periodically
on the dielectric. Note that the presence of a dielectric layer is essential for the formation of a surface discharge,
since the insulation prevents the flow of current.[74] The figures that have been referred show diagrams with typical
constructions of a DBD device, wherein one, usually, of the two electrodes is covered with a dielectric barrier
material. The lines between the dielectric and the electrode are representative of the discharge filaments, which are
normally visible to the naked eye. This work is based on surface discharges.
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The first technological application of the Dielectric Barrier Discharge was made by Ernst Werner von Siemens in
1857[64], who observed luminescence between two coaxial glass tubes while generating ozone. Originally DBD
discharge was called silent (inaudible) –but experiments reveal that the geration of plasma DBD, the ionization
of a gas, does sound– discharge and also known as ozone production discharge or partial discharge. It is the most
profitable technique to produce it. [65][66][66].
With respect to its applications, currently Dielectric Barrier Discharges constitute a scientific field of great
interest, whose success is demonstrated in the wide variety of industrial applications based on this type of plasma,
especially focused on the generation of ozone, decontamination of gases, fluorescent lamps, laser discharge, surface
treatment, synthetic facrics and plastics, plasma medicine12 or also used in the design of low temperature plasma
jets13.[68][69][71]
Interest in plasma actuators as active flow control devices is growing rapidly due to their lack of mechanical parts,
light weight and high response frequency.[77] In consequence, due to the direct relationship with my studies, this
Master’s Thesis will focus on the applications of DBD devices as flow controllers, and Section 2.2 contains a list
of historical advances regarding this discipline.
Dielectric and ferroelectric materials
A dielectric (or dielectric material) is an electrical insulator –low electrical conductivity/specific conductance
(σ  1)– that can be polarized by an applied electric field. Thus, all dielectric materials are insulators but not
all insulating materials are dielectric. The term dielectric, which means “through”, was coined by William Whewell
(from dia− + electric) in response to a request from Michael Faraday. [153][152]
Although the term “insulator” implies in itself having low electrical conductivity; A “dielectric” material refers
to materials with a high degree of polarizability. That is, the term insulation is used to indicate electrical obs-
truction, while the adjective dielectric is used to indicate the energy storage capacity of the material, through
polarization. The concept of polarizability is expressed through the magnitude: relative permittivity, εr14, also is
called as dielectric constant. Scheme shown in Fig. 2.9.
When a dielectric is placed in an electric field, electric charges do not flow through the material as they do in an
electrical conductor but only slightly shift from their average equilibrium positions causing dielectric polarization.
Because of dielectric polarization, positive charges are displaced in the direction of the field and negative charges
shift in the opposite direction. This creates an internal electric field that reduces the overall field within the dielectric
12 The Dielectric Barrier Discharge was used in the mid-1990s to show that low temperature atmospheric pressure plasma is
effective in inactivating bacterial cells. This work and later experiments using mammalian cells led to the establishment of a
new field of research known as plasma medicine. [72]
13 These plasma jets are produced by fast propagating guided ionisation waves known as plasma bullets.[73]
14Relative permittivity is its (absolute) permittivity, ε , expressed as a ratio relative to the permittivity of vacuum, ε0.
Permittivity is a material property that affects the Coulomb force between two point charges in the material. Relative
permittivity is the factor by which the electric field between the charges is decreased relative to vacuum.
Likewise, relative permittivity is the ratio of the capacitance of a capacitor using that material as a dielectric, compared with
a similar capacitor that has vacuum as its dielectric. Relative permittivity is also commonly known as dielectric constant.
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figure 2.9 Capacitor schematic with dielectric. Source of the image: [80] .
itself. If a dielectric is composed of weakly bonded molecules, those molecules not only become polarized, but also
reorient so that their symmetry axes align to the field.[79]
In this work we have experimented with the dielectric materials listed in Table 2.1 as a barrier for the DBD
actuators, and they are: quartz, alumina, lithium niobate and teflon.
To familiarize ourselves with the existing literature, it is also useful to understand the ownership of ferroelectric
materials. Ferroelectricity is a property of non-centrosymmetric dielectric materials. The observable physical effect
is that the material presents a polarization even after having removed the electric field. It can be explained based on
a residual supply of permanent dipoles. Consequently, ferroelectricity is a characteristic of certain materials that
have a spontaneous electric polarization that can be reversed by the application of an external electric field.[83] [84]
lithium niobate is a ferroelectric material, suitable for a variety of applications; its versatility is made possible by the
excellent electro-optic, nonlinear, and piezoelectric properties of the intrinsic material. [86]
Table 2.1 Dielectric constants of materials used in DBD devices in this work.
Note: It is important to consider values “in the order of” those presented in the table, since the dielectric constants
have a strong dependence on parameters such as temperature. .
Dielectric Formula εr at 20ºC/1MHz
Air - 1
Quartz SiO2 ∼ 3
Alumina Al2O3 ∼ 5
lithium niobate LiNbO3 ∼ 1000
Piezoelectricity is a phenomenon that occurs in certain crystals that, when subjected to mechanical stress, in
their mass acquire an electrical polarization and a difference of potential and electrical charges appears on their
surface. This phenomenon also occurs in reverse: they deform under the action of internal forces when subjected to
an electric field. The piezoelectric effect is normally reversible: by not subjecting the crystals to an external voltage
or electric field, they recover their shape.
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Piezoelectric materials are natural or synthetic crystals that lack a center of symmetry. Compression or shearing
causes dissociation of the centers of gravity of the electric charges, both positive and negative. As a result, elementary
dipoles appear in the mass and, by influence, on opposite surfaces arise charges of opposite sign.[144]
There are certain phenomena that appear in low symmetry networks such as ferroelectricity, piezoelectricity or
pyroelectricity. A crystal with a structure in which the positive ions do not have a symmetrical arrangement with
respect to the negative ones can give rise to a net dipole moment and therefore to a spontaneous polarization in the
absence of a field.
We define a ferroelectric crystal as the one that shows a dipole moment, spontaneous polarization, in the absence
of external electric field, and below a certain temperature and it is also possible to reverse the direction of polarization
by applying electric field.
As the frequency increases, this effect becomes increasingly greater until the crystals do not support the stresses
that are produced and therefore break; said ruptures may be due to defects of the crystalline network produced during
the manufacture of the material.
So, in the phenomenon of piezoelectricity, when applying a mechanical tension changes the electrical polarization
of the material generating an electric field (appearance of charges on the surfaces of the material). As shown in the
figure, the mechanical stress changes the center of gravity of negative charges and positive, producing a change in
the dipole moment.[145]
2.2.3 Fundamentals of operation of a DBD Plasma actuator
Plasma actuators, in general, involve the use of non-thermal atmospheric pressure plasmas, i.e., plasmas that are not
in thermodynamic equilibrium. As already stated, the formation of the SDBD plasma is based on the Townsend
mechanism; this is an electron avalanche process involving the multiplication of an initial set of free electrons through
cascade ionization. [94] Completing, the behavior of this type of plasma is defined by these charge mechanisms
in alternating half-cycles, that is, by the AC voltage power source; so that when alternating voltage is applied, a
plasma discharge appears on the surface of the dielectric above the encapsulated electrode, causing an injection of
momentum into the surrounding air during each half-cycle of the applied AC.
The following will be presented in different subsections: injection of momentum, advantages, characteristics of
the discharge process and usual values.
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Injection of momentum
Flow control concerns the ability to manipulate a flow for a desired change, and there are two large categories of
devices: Active and Passive flow control. Active flow control devices involve the addition of energy to a system
via an actuator, and this actuator (integrated in a control loop) requires auxiliary power. [91]. On the other hand,
Passive flow control devices require no such support, and are largely mechanical in nature. In particular, within active
flow control, in recent years, DBD plasma actuators are presented as a promising proposal (eventhough reserach is
relatively recent, with preliminary studies first initiated in the early 1950s in Europe and the USA), in relation to its
advantages: low weight, robustness, lower power consumption, simplicity, and ability for real time control at high
frequencies. [28][94]
The injection of momentum is characterized as a macroscopic EHD15 process or plasma body force that can be
measured, and is transferred to the neutral continuum through collisions between charged and neutral particles. In
fact, while the plasma appears to be a relatively uniform diffuse discharge, measurements have indicated that it is
highly ordered in space, and time, as already seen. [88]
Advantages
DBD plasma actuator, as other mechanisms like mechanical flaps on an airplane wing, uses blowing (or an injection
of momentun at the near-wall region) to induce an modify a flow congiguration. And, nowdays, the investigation
is centred in achieve goals such as greater lift enhancement and drag reduction, noise suppression, transition and
separation delays, through efficient and profitable devices that reduce the environmental impact and allow, at the
same time, energy saving.[89]
Contributing to its natural preference over other traditional mechanical flow control devices, DBD plasma actua-
tor’s advantages include its reduced size and weight, which is particularly important in aviation applications,
as well as an absence of moving parts, robustness, increased reliability, inexpensiveness, fast time-response,
and the ability to be applied onto surfaces without requiring holes or cavities. On this way, this type of devices
are presented sucha an efficient conversion of input electric energy into output fluid momentum, of great significance,
and the straightforward nature of simulating the effects of the device using numerical flow solvers is also an asset:
completely welcomed in an aeronautical industry future based on a more electric aircraft. [88] [90] [94] [95] [92]
Is important to know the DBD is widely preferred due to its ability to sustain a large volume discharge at
atmospheric pressure without the discharge collapsing into a constricted arc [95], due to the inherently self-limiting
configuration of the DBD plasma actuator, a behavior dictated by the build-up of charges on the dielectric surface.[28]
15EHD: Electrohydrodynamic.
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Characteristics of the discharge process
Fundamentally, all plasma controllers are characterized by the transfer of momentum from the accelerated ions
and electrons to the surrounding neutral gas by collisions between particles; this moment transferred to the air
flow is called volumetric force.
AC voltages are generally preferred as they provide for a more stable plasma discharge in the presence of a
dielectric barrier; nevertheless, other methods have been developed to enable the use of DC voltages to provide for
stable plasma discharges in the presence of a dielectric barrier. [122] [123] As already explained, due to the use
of AC current, during the operation of the developed plasma controllers, the luminescent discharge appears
every half cycle of the applied AC voltage. Although at first it may seem that the plasma appears as a relatively
uniform diffuse discharge, this statement is erroneous (already seen in Fig. 2.6), since optical measurements indicate
that the discharge is highly structured in space and time, as can be seen , again, in the examples contained in Fig.
2.10 and 2.11 –in Fig. 2.12 one can see a example picture of the type of discharge observed in the laboratory–. The
temporal nature of the controller indicates that the plasma is in fact a single barrier discharge. [85]
figure 2.10 High-speed photographs (5 ms exposure) of the micro-discharges generated in the first (a) and in the second
(b) discharge cycle of the plasma controller, the asymmetric structure between both cycles can be observed. Source
of the image: [85]. .
So, in particular, the configuration most used in plasma actuators are the SDBD configurations, single Dielectric
Barrier Discharge, that it consists of two electrodes is exposed to the airflow while the other is encapsulated within
the dielectric material. The electrodes are long and thin, arranged in a span-wise direction on the aerodynamic
surface, and connected to a DC or AC voltage power source (high voltage), and, usually, the encapsulated electrode is
usually grounded. [88] Up to the present time, several investigations are developed based on them. A simple scheme
of the SDBD asymmetric configuration described is found in the Fig. 2.13.
The DBD device can maintain its discharge–see Fig. 2.10–. This maintenance of the Dielectric Barrier Discharge
requires applying alternating current. In Fig. 2.14 there is a surface discharge configuration illustrating the two cycles
that make up its operation.
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figure 2.11 DBD discharge images. Discharge images at different PRFs, exposure times for (a) 1 s; (b) 200 pulses (electrode
width 8 mm, electrode gap 2 mm, applied voltage 18 kV). Source of the image: [85]. .
figure 2.12 DBD discharge images. DBD discharge during the experiments carried out.
As can be seen, the images are repeated, in the case of that on the right they are digitally manipulated with a
different color balance, to ensure that the printing of the document allows observing the discharges..
figure 2.13 Schematic of the profile of an asymmetric SDBD plasma actuator. An AC voltage of a peak value of 5-20 kV
is usually applied to the electrodes at a frequency range from 3-15 kHz.[88] [91] This results in the formation of a
plasma discharge above the encapsulated electrode on the surface of the dielectric, due to the ionization of air,
aptly providing the device its moniker as a plasma actuator. The color of the plasma depends on the gas. Source of
the image: Own image..
Now, the two cycles of the discharge are going to be explained:
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(a) Forward-Phase Charge Cycle: Deposition of electrons on the
dieletric layer..
(b) Backward-Phase Charge Cycle: Deposition of electrons
onto the exposed electrode..
figure 2.14 SDBD Diagram of the accumulation of charge in the surface of the dielectric during the first half cycle (a) and
the second half cycle (b)..
• Forward-Phase Charge Cycle (First half cycle of the discharge): the exposed electrode is at a more
negative potential than the surface of the dielectric, behaving like the cathode in the discharge. In this case,
assuming that the potential difference is sufficiently high, the exposed electrode can emit electrons. Because
the discharge ends in a dielectric surface, the accumulation of the surface charge opposes the applied voltage,
and the discharge is turned off, unless the applied voltage is continuously increased. see Fig. 2.14.a.
• Backward-Phase Charge Cycle (Second half cycle of the discharge): the behavior of the discharge is
similar in the half cycle opposite: a positive slope applied in the voltage used to maintain the discharge is
required. In this half cycle, the charge available for discharge is limited to that deposited during the previous
cycle on the surface of the dielectric, where now the surface plays the role of cathode, as can be seen in Fig.
2.14.b.
This self-limiting behavior due to the accumulation of charge in the surface of the dielectric affects the spatial
and temporal structure of the plasma.
The quasi-neutrality that defines the plasma has already been highlighted, that is to say, that its net charge is
null. Taking into account that in the ionization of the gas that gives rise to the plasma, as many electrons as ions are
generated (both being the charged components of the plasma); these respond to the external electric field so that the
electrons move towards the positive electrode as the positive ions move towards the negative electrode, resulting in a
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Table 2.2 Characteristics and typical parameters of the SDBD plasma controller.
Definition
range
∼ Atmospheric pressure p= 10−1−101bar
Weakly ionized gas α = 10−4−10−3
Non-equilibrium plasma T ′e = 1−10eV
Ti ≈ Tn ≈ 300K = 0.0259eV
Range of Usual
Values
Operating voltage V = 1−50kV
Frequency of operation f = 0.5−25kHz
Wave type sinusoidal, square, triangular
load imbalance at the edges of the plasma. This imbalance generates an electric field opposite to the applied external
field. Thus, the redistribution of charges continues until the net electric field in the plasma is neutralized.[0][28]
Usual values
See Table 2.2.
Thus, the discharge rate of the plasma controllers is generally classified as a luminescent discharge (slightly
filamentary) in the group of non-equilibrium plasmas, where the temperature of the electrons is approximately two
orders of magnitude higher than that of the electrons (T ′e = 1− 10eV , Ti ≈ Tn ≈ 300K = 0,0259eV ). According
to the low degree of ionization (α = 10−4−10−3), the DBD plasma controllers produce a thin volume of weakly
ionized gas, where the density of charged species is approximately n= 1016m−3.[0]
In this work the experiments have been developed in electrical values usual in the industry for this type of devices.
Generally, an AC voltage of a peak value of 5-20 kV is usually applied to the electrodes (although it is normal to
move in a 1-50 kV range) at a frequency range from 3-15 kHz ( analogously, literature can be found that extends this
range to 0,5−25kV ). The AC signal is usually a sinusoidal, square or triangular wave. [88]-[91];[0]
Regarding the pressure of the gas to which the actuator is used, this usually corresponds to reduced pressure
(10−1bar) that represents cruise characteristics[98][99], or raised to 101bar to reproduce the internal conditions of
compressors and turbines.[100] In this work, the central focus will be on experiments at atmospheric pressure (sea
level: 1013 mbar).
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2.2.4 DBD applications as flow control devices
There are two ways through which to manipulate desire a flow: actively or passively. One knows that with the term
“active”, it is understood a flow control device that involves the need to apply energy to the system through an
actuator, which needs auxiliary power as well as a control method. There are numerous investigations related to
plasma controllers, fruit of a growing interest of the scientific world and the industry in the development of both
plasma applications and micro-scale technologies. Consequently, you can access a variety of experimental tests or
models of representation that support the path of the potential of plasma devices to become a reality for active flow
control in a field as promising as aerodynamics. In order to manipulate a free airflow, three are the main objectives to
act on: laminar-to-turbulent transition (delaying it to reduce drag, for example), separation (for take-off, landings...)
and turbulence (for reducing noise for example).
The main concept is that the body force acting on the flow –see Section 2.3–, as produced by the plasma DBD
actuator, is used to change the Kutta condition on the rounded trailing edge of the profile and with that the circulation
and corresponding lift. Such a configuration reduces the weight and complexity issues typically associated with
classical blowing circulation control concepts and many other concepts aiming at load control[1]. Specifically “in
the middle of the 1990s, Roth’s group perfected and developed a new atmospheric pressure DBD, a surface DBD,
established in air between at least two electrodes placed asymmetrically on each side of a dielectric; they protected
it by a patent in 1994 and called it ‘One Atmosphere Uniform Glow Discharge Plasma’ (OAUGDPTM).” It waas
presented for the first time for airflow control in 1998 [149], [147] and published in a journal in 2000 [148]. It was
revealed that the discharge induces a secondary airflow of several m/s tangentially to the wall, an that consequent
force increases with the applied voltage, modifying the free air stream, which causes a change in the drag.
Going back to half a century ago in history, where one of the first discharge-based flow control articles was
published in 1968 by Velko and Ketcham [136], who demonstrated the effect of electric fields on fluid boundary
layers through corona discharge cables, which were placed at a short distance from the surface of the flat plate. It
also highlights the advances made in the 90s by the research group of John R. Roth at the University of Tennessee;
they developed a new way of generating uniform supeficial Dielectric Barrier Discharge, which was called uniform
discharge of luminescent plasma at one atmosphere (OAUGDP). At the end of the century, Roth published the first
results based on OAUGDP [137].
At present, this subject arouses great interest in the scientific world, and the generation of plasma by barrier
discharge is proposed in a variety of aerodynamic applications, as it is the case that concerns the replacement of
moving parts for flow control where, in addition, a fast response time is needed. Some other applications successfully
tested in the laboratory are the elevation of the wing section [135], control of the separation of the blades of a low
pressure turbine [138], control of the aerodynamic flow at the tip of a turbine [139], generation of unstable vortex
[140], separation control at the tip of a wing profile [141], application to the aerodynamics of a train [124], etc. In
the final chapter of this work, in which the main conclusions of the study are summarized, some other studies are
shown that can be compared with the present work, or that analyze the same concept from different perspectives or
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models (as experimental as computational), as well as possible future research lines.
Important dissertations also are the projects related with the study of the single-dielectric barrier discharge
aerodynamic plasma actuator, developed in [88] and [95] byOrlov et al., where the physics of the plasma discharge was
studied through the time-resolved light intensity measurements of the plasma illumination, and plasma characteristics
were obtained and analyzed for a range of applied voltage amplitudes and a.c. frequencies. Based on this data,
electro-static and lumped-element circuit models were developed, and, in this way, the time-dependent charge
distribution was used to provide boundary conditions to the electric field equation that was used to calculate the
actuator body force vector; and it was applied on airfoils.
Finally, some very interesting theses, in addition to those that are appearing referenced throughout the work, or
that can be found in the historical summary on the plasma actuators made by Moreau [94], are the following. For
example, “Plasma Flaps and Slats: An Application of Weakly Ionized Plasma Actuators” [150], “Environmental
Impacts on Dielectric Barrier Discharge Plasma Actuators” [151] , application related with anti-icing, for example, in
“Experimental study of an anti-icing method over an airfoil based on pulsed dielectric barrier discharge plasma”[152]
or “An experimental study of icing control using DBD plasma actuator ” [153], about plasma actuators manufacturing
to reduce degradation[154] or, different, for separation control in oscillating profiles[155]. It is also interesting to
pay attention to the publications developed in the framework of the Delft University of Technology about plasma
actuators in recent years.
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2.3 Mechanical, Electrical and Spectroscopic Analysis
It is intended to model the plasma actuator in such a way that its effectiveness in controlling flow separation is as
successful as possible. For this, most experiments have focused on the modification of the physical dimensions and
macroscopic parameters of the plasma actuator system. There are many parameters involved, so controlling in detail
the dynamic behavior of the system becomes extremely complicated in short time scales. However, the macroscopic
behavior of the device is highly influenced by its microscopic structure, and the fact that the scales of measurement
of the device elements and the discharges move in small units (the devices are usually several millimeters in height
and the discharge is composed of multiple micro-shocks of short duration, of the order of nanoseconds that vary
significantly over the period of the AC voltage source) –see Chapter 3–, causes that directly measure these properties
microscopic is also of great difficulty, properties such as charge density or electric field.
In this work the DBD devices are going to be characterized, above all, through an electrical analysis, and for this
it is going to study aspects such as the influence of the configuration of the electrodes, the dielectric material
or the gap, whose results are presented in the following chapters. In the consulted bibliography, as it has been
summarized in Section 2.2, there have been very diverse studies in which other parameters have been varied; that is
why it is recommended that the reader go to different bibliography to deepen in the understanding of this type of
reactors.
An efficient alternative to measure these micro-properties is numerical modeling, thus, numerical modeling and
simulations are useful and flexible tools for modeling the development of Dielectric Barrier Discharge controllers in
spatial and temporal dimensions, in addition to being able to continuously monitor the evolution of complex flow
control systems. But, like it has been explained, this is not the objective of this work –see Section 1.1–.
In this part of the document, firstly, fundamental concepts about plasma body force are collected in Section 2.3;
accordingly to the power characterization, in Section 2.3 the aspects of the electrical analysis that correspond to this
work are explained; likewise, spectroscopic analysis is included, whose bases are found in Section 2.3.
2.3.1 Ionic wind
The ionized air that appears on the dielectric surface is the basic mechanism that gives it the ability to manipulate
or induce a flow configuration to the DBD plasma actuator or controller, since in the presence of the electric field
produced by the geometry of the electrode, a force of body that acts on the environment, not charged air; because it
has already been seen that the collision processes lead to a transfer of momentum between the particles involved,
because as the charged particles move under the Coulombian forces of the electric field, between the exposed
electrode and the surface of the dielectric, they collide with the neutral particles that make up the gas, transferring
amount of movement, these collisions being called “Lorentzian collisions”. This effect is classically termed as an
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electric wind, directed from the exposed electrode toward the dielectric surface, that modifies the boundary layer,
and allowing for the active manipulation of the airflow [93][94][95]; the act of producing a mechanical output or
kinetic energy, for an electrical input or electric energy, without the use of mechanical moving parts, classifies the
plasma actuator as a Micro-Electro-Mechanical-System (MEMS). [94]
figure 2.15 Scheme of the flow controller where the direction of flow induced can be seen. .
Thus, ion wind –ionic wind, coronal wind or electric wind– describe the airflow induced by electrostatic forces
linked to corona discharge arising at the tips of some sharp conductors (such as points or blades) subjected
to high voltage relative to ground, as each collision contributes to the force exerted on the gas and in this way
flow velocities are induced on the surface of the electrodes. The induced flow is characterized by a tangential
velocity from the exposed electrode towards the encapsulated electrode –see Fig. 2.15–. Ion wind (this motion
induced in the gas, created by the Coulombian forces acting on the ions and electrodes, and the Lorentzian collisions
between the particles) is an electrohydrodynamic phenomenon; and Ion wind generators can also be considered
electrohydrodynamic thrusters. [97] [32]
As already mentioned, the DBD controllers generate an EHD force or plasma body force that depends entirely on
the electric field, −→E (−→r ,t), defined by the geometry of the electrode and the charged particles density, −→ni (−→r ,t),as a
function of position −→r and time t, integrated into the plasma volume V –see equations 2.11 and, summed over all
species, 2.12–.[28]
−→
F i(t) =
∫
v
qini(
−→r ,t)−→E (−→r ,t)dt (2.11)
−→
F EHD(t) =∑
i
−→
F i(t) (2.12)
The phenomenon of electric wind, is referred to the “movement of gas induced by the repulsion of ions from the
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vecinity of a high voltage electrode” [46], and it was firstly reported at the beginning of XVIII century and Faraday
explained it more than a hundred years later. So, this wind, as Moreau says in [94], “is due to the collisions between
the ions that drift and the neutral particles in the electrode gap region, because as the electron velocity is much
higher than the ion one, one can neglect the role of electrons because their mass is very low compared with the ion
one.” Expression 2.3[46] contains the firs relation for electric wind:
νG = k
√
i
ρµ
In consequence, plasma actuators consist of using the discharge-induced electric wind within the boundary layer to
change its properties, and in this way transform the airflow actively. During this project, the most usual configuration
also has been built and tested, composed of two electrodes flush-mounted at the wall of a flat plate (simulating the
wing profile), between which a high voltage is applied, generating a non-thermal surface plasma. When discharge is
on and is established, the airflow is deviated tangentially very close to the wall and accelerated within its boundary
layer as consequence of the depression induced at the anode by the electric wind.[94] In these conditions of the
devices that are going to be exposed in this worl, and above the ignition voltage, a plasma sheet appears on both
sides of the dielectric, consisting of an electric wind on both sides of the dielectric substrate. As one can check in
this document, electrical and mechanical ..as bibliography tell us[94]– characteristics of this plasma depend strongly
on different parameters, such as electrode width, electrode gap, dielectric thickness or the nature of the dielectric.
Over the years, various body force models have been proposed, and these models can be classified into two
categories: Phenomenological (or Simplified), and First- Principles-Based models. Phenomenological models
involve approaches with reduced complexity providing reasonable qualitative correspondence with experimental
observations. In reference [28], is explain to us that such models are limited in their ability to accurately pre- dict, and
explain the physics involved. Meanwhile, First-Principles-Based models distinctly address the necessary knowledge
required towards understanding the fundamental physical processes involved. [91]-[96]
This work will not have simulation studies, but the reader can go to, for example, the reference [28] to know the
conclusions drawn from the analysis developed to understand the plasma actuators through: a fluid electrostatic
model by Orlov[88], and a hybrid PIC model formulated by the author. Both models are based on first-principles,
whose objective will be to provide a comparative study of the two models in their application to the SDBD plasma
actuator flow problem focusing specifically on the formation of the plasma body force.
2.3.2 Electrical characterization: Accumulated charge and Consumed power
The yield of a plasma controller is mainly characterized by the electrical power that is consumed during the discharge.
The plasma parameters, such as electron density, sheath thickness and sheath voltage, are not easy to be probed
experimentally, while the electrical characteristics, such as impedance, resistance and reactance, are relatively
convenient to be measured, and there are several studies that that relate both parameters through theoretical models.
[146]
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In Section 3.4 the schematization of the experimental procedure will be presented, while in the present part of the
work the underlying theory is indicated. As a result of the experiment, the oscilloscope returns two output files with
the electrical conditions of the storage point, that is, the breakdown point of the plasma; These correspond to the
current and voltage signal that the device is experiencing at that moment, and which contain as many signal periods
as specified on the screen –see Fig. 4.1 and 4.2– ; the signal can be saved either averaged or not averaged. Thus, one
has two files that contain the discretization of Vbd(t) e Ibd(t), and from them all the electrical parameters that are
presented in this Section are calculated/obtained. Voltage and current are defined as follows:
• Voltage, electric potential difference, electric pressure or electric tension (formally denoted ∆V or ∆U ,
but more often simply as V or U , for instance in the context of Ohm’s or Kirchhoff’s circuit laws) is the
difference in electric potential between two points. The voltage between two points is equal to the work done
per unit of charge against a static electric field to move a test charge between two points. This is measured
in units of volts (V) (a joule per coulomb); moving 1 coulomb of charge across 1 volt of electric potential
requires 1 joule of work.[126]
• Electric current, I is a flow of electric charge. In electric circuits this charge is often carried by moving
electrons in a wire. It can also be carried by ions in an electrolyte, or by both ions and electrons such as in an
ionised gas (plasma).[127]
The SI unit for measuring an electric current is the ampere (A), which is the flow of electric charge across a
surface at the rate of one coulomb per second.
• Phase difference or Phase shift as it is also called of a Sinusoidal Waveform is the angle φ , in degrees
or radians that the waveform has shifted from a certain reference point along the horizontal zero axis. In
other words phase shift is the lateral difference between two or more waveforms along a common axis and
sinusoidal waveforms of the same frequency can have a phase difference.[108]
The three main components in an AC circuit which can affect the relationship between the voltage and current
waveforms, and then their phase difference, by defining the total impedance of the circuit are the resistor, the
capacitor and the inductor. The generated current in plasma reactor is sinusoidal with a phase shift φ with
respect to the voltage signal–see Fig. 4.1 and 4.2–, because there are not only resistive elements, and we are
interested in moving away from a behavior of the device as if it were a capacitor16. Related to this, for the
further development of the power concept, it is important to know that the intensity has two components.
Active component of the intensity, Ia = Icos φ , is defined to the component of it that is in phase with the
voltage, and reactive component, Ir = Isenφ , to which it is in quadrature with it –see Fig. 2.16.a–; so in order
16Why is there a phase shift between current and voltage in an AC circuit?
Related to the impedance associated with the passage of current in the case of capacitors and coils. The capacitor, when it is
initially discharged, offers little resistance to current flow; However, as time goes by, it becomes charged and thus increases the
resistance to the passage of current. When it is fully charged, its behavior is as if it were an open circuit.
The fact of using alternating current causes that it also generates the same effect when the capacitor is discharged, at the
beginning of the negative half cycle. When the voltage enters in a negative half-cycle, the capacitor still has remains from the
charge of the first half cycle. This is what causes 90 to be lagged.
In the case of the coils, the behavior is completely opposite to that of the capacitor. In a coil, its first behavior is of high
impedance, and with the passage of time, this resistance begins to decrease
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for us to calculate the total consumed power, it is needed to know the phase difference between the sinusoidal
waveforms of the voltage and current.
(a) Current triangle.. (b) Impedance triangle.. (c) Power triangle..
figure 2.16 RLC circuit in AC: complex current, complex impedance and complex power.
A phasor is a graphic representation of a complex number that is used to represent an oscillation, so that the phasor
sum of several phasors can represent the magnitude and phase of the oscillation resulting from the superposition of
several oscillations in an interference process..
The signals that are received from the oscilloscope in a discrete manner, are first centered so that the calculations
of the integrals in which they are later involved are more precise; for this the following assumption is taken: the
average of each of the signals during a period must be zero. In addition, after that they are smoothed through the
smooth Matlab function.
Ohm’s law is a basic law of electrical circuits. It establishes that the potential differenceV that is applied between
the ends of a given conductor is proportional to the intensity of the current I that circulates through said conductor.
Ohm completed the law introducing the notion of electric resistance R; which is the proportionality factor that
appears in the relationship between V and I:
V = R · I (2.13)
where V corresponds to the potential difference, R to the resistance e I to the intensity of the current. The units of
these three magnitudes in the international system of units are, respectively, volts (V ), ohms (Ω) and amps (A).
Some parameters used in this projects are explained in the following sections:
• Voltage and Current, peak-to-peak and RMS values
• Accumulated Charge
• Lissajous Figures and Zero Charge
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• Impedance Components
• Consumed Power
• Power Factor and Phase Shift
Voltage and Current, peak-to-peak and RMS values
The amplitude of a periodic variable is a measure of its change over a single period (such as time or spatial period).
There are various definitions of amplitude (peak-to-peak amplitude, peak amplitude, semi-amplitude, root mean
square amplitude (RMS) or pulse amplitude), which are all functions of the magnitude of the difference between the
parameter’s extreme values. In general, the use of peak amplitude is simple and unambiguous only for symmetric
periodic waves.[129]
• Peak-to-peak amplitude is the change between peak (highest amplitude value) and trough (lowest amplitude
value, which can be negative). With appropriate circuitry, peak-to-peak amplitudes of electric oscillations can
be measured by meters or by viewing the waveform on an oscilloscope.
• Peak amplitude, useful in telecommunications and other areas where the measurand is a signal that swings
above and below a reference value but is not sinusoidal; if the reference is zero, this is the maximum absolute
value of the signal; if the reference is a mean value (DC component), the peak amplitude is the maximum
absolute value of the difference from that reference.
• Peak amplitude, semi-amplitude or amplitude means 1/2 (half) of the peak-to-peak amplitude.
• Root mean square (RMS) amplitude:
The quadratic mean value of an electric quantity is called the effective value. The concept of effective value is
used especially to study the periodic waveforms, despite being applicable to all waveforms, constant or not. It
is sometimes referred to as RMS (from the English, root mean square).
So, this value is used especially in electrical engineering, and is defined as the square root of the mean over
time of the square of the vertical distance of the graph from the rest state, i.e. the RMS of the AC waveform
(with no DC component). For complicated waveforms, especially non-repeating signals like noise, the RMS
amplitude is usually used because it is both unambiguous and has physical significance. For example, the
average power transmitted by an acoustic or electromagnetic wave or by an electrical signal is proportional to
the square of the RMS amplitude (and not, in general, to the square of the peak amplitude).
For alternating current electric power, the universal practice is to specify RMS values of a sinusoidal
waveform. One property of root mean square voltages and currents is that they produce the same heating
effect as direct current in a given resistance.
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The peak-to-peak value is used, for example, when choosing rectifiers for power supplies, or when estimating
the maximum voltage that insulation must withstand.
VRMS =
Vpeak√
2
(2.14)
IRMS =
Ipeak√
2
(2.15)
• Pulse amplitude, in telecommunication, is the magnitude of a pulse parameter, such as the voltage level,
current level, field intensity, or power level. Pulse amplitude is measured with respect to a specified reference
and therefore should be modified by qualifiers, such as average, instantaneous, peak, or root-mean-square.
Accumulated Charge
Electric charge, Q, is the physical property of matter that causes it to experience a force when placed in an
electromagnetic field. There are two types of electric charges, that is, positive and negative (commonly carried by
protons and electrons respectively). Electric charge is a conserved property: the net charge of an isolated system, the
amount of positive charge minus the amount of negative charge, cannot change. An object with an absence of net
charge is referred to as neutral. [130]
The coulomb (C) is the International System of Units (SI) unit of electric charge. It is the charge transported by a
constant current of one ampere in one second.
In this paper the concept of accumulated electric charge Qa will be used and, specifically, of accumulated
centered charge Qc (although for simplification the subscript can be eliminated from now on), whose mathematical
expressions are as follows, equation 2.16 and 2.17, respectively:
Qa(t) =∑
t
I(t) ·dt (2.16)
where the summation has been calculated in Matlab through the cumsum() function, and the time differential dt is
calculated as the time interval between two measurements, directly from the outputs of the oscilloscope, and
Qc(t) = Qa(t)−
max{Qa(t)}+min{Qa(t)}
2
(2.17)
and finally, Qc(t) is smoothed through the smooth() function, which smooths the data in the column vector, what is
in function’s parentheses, using a moving average filter, being the default span for the moving average 5.
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Lissajous figures and Zero charge
The representation known as “Lissajous figures” (also known as Lissajous Curve or Bowditch curve) are of vital
importance in this type of electrical analysis; these are provided by the trajectories followed by the system in the
two-dimensional space in its magnitudes of voltage and stored charge, because in mathematics it is the graph of a
system of parametric equations (equations 2.19) which describe in general, the superposition of two simple harmonic
movements in perpendicular directions (and a complex harmonic motion in classical mechanics). This family of
curves was investigated by Nathaniel Bowditch in 1815, and later in more detail by Jules Antoine Lissajous in 1857.
x = Asin (at+α) (2.18)
y = Bsin (bt+β ) (2.19)
where A and B are the corresponding amplitudes of these signales, a is wx, b is wy (frequencies of both movements)
and δ = α−β , the phase difference, usually in the literature.
Eliminating the time in the previous expressions you get an equation of the trajectory of the type:
f (x,y,δ ) = cte (2.20)
Regarding properties of shape, visually, the ratio a/b determines the number of "lobes" of the figure, so, the
appearance of the figure is highly sensitive to this ratio. For a ratio of 1, the figure is an ellipse, with special
cases including circles (A = B,δ = pi/2 radians) and lines (δ = 0); and another simple figure is the parabola
(b/a= 2,δ = pi/4). Other ratios produce more complicated curves, which are closed only if a/b is rational, and
the visual form of these curves is often suggestive of a three-dimensional knot, and indeed many kinds of knots,
including those known as Lissajous knots, project to the plane as Lissajous figures.
Respect to the specfic value of the ratio, for example, a ratio of 3/1 or 1/3 produces a figure with three major
lobes, or similarly, a ratio of 5/4 produces a figure with five horizontal lobes and four vertical lobes. Rational ratios
produce closed (connected) or "still" figures, while irrational ratios produce figures that appear to rotate.
By last, the ratio A/B determines the relative width-to-height ratio of the curve. That is, for example, a ratio of
2/1 produces a figure that is twice as wide as it is high. Finally, the value of δ determines the apparent “rotation”
angle of the figure, viewed as if it were actually a three-dimensional curve. For example, δ = 0 produces x and y
components that are exactly in phase, so the resulting figure appears as an apparent three-dimensional figure viewed
from straight on (0). In contrast, any non-zero δ produces a figure that appears to be rotated, either as a left–right or
an up–down rotation (depending on the ratio a/b).[101]
Although originally the Lissajous figures are formed with the representation of current I(t) in front of voltage
V (t), it is very useful to develop them from the representation of charge Q(t) versus voltage v(t), since this way
one has that the area enclosed in the figure is directly related to the amount of accumulated charge. In addition,
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the literature consulted indicates that as the frequency of the discharge signal increases, all materials experience a
tendency to decrease their maximum accumulated charge. In this work, this trend will be verified. This enclosed
area multiplied by the (respective) frequency is defined as the average power:
p= f ·Area[Q,V ] (2.21)
where Q is referred to, as it was explained above, the accumulated centered charge.
From the previous Lissajous figure Q(t) vs. V (t), it can also be highlighted a significant value, such as the zero
chargeQ0, representative of the amount of accumulated charge at null voltage. For an ideal DBD plasma, its Lissajous
figure takes the form of the Fig. 2.17, being the faces of the parallelogram being more horizontal those in which the
plasma is off. However, in this work the form is more elliptical, as in many other documents that have been consulted.
figure 2.17 Lissajous Figures for an ideal DBD plasma: Example..
Impedance components
Electrical impedance Z is the measure of the opposition that a circuit presents to a current when a voltage is applied.
The term complex impedance may be used interchangeably in AC. [118] So, quantitatively, the impedance of a
two-terminal circuit element is the ratio of the complex representation (Z =V/I = XR+ jXI)f the sinusoidal voltage.
Impedance extends the concept of resistance to AC circuits (which have both resistive and reactive components)
due to its resistance and reactance that are combined together to give a total impedance, possesing both magnitude
and phase, unlike resistance, which has only magnitude; but impedance is not equal to the algebraic sum of the
resistive and reactive ohmic values because pure resistance and pure reactance are 90º out-of-phase with each other.
When a circuit is driven with direct current (DC), there is no distinction between impedance and resistance; the
latter can be thought of as impedance with zero phase angle.
44 Chapter 2. Theoretical Basis
This geometric relationship between resistance, reactance and impedance can be represented visually by the use
of an impedance triangle, with the impedance being the hypotenuse as determined by Pythagoras theorem, as it can
be seen in Fig. 2.16.b.
The notion of impedance is useful for performing AC analysis of electrical networks, because it allows relating
sinusoidal voltages and currents by a simple linear law. So, impedance is a complex number, with the same units as
resistance, for which the SI unit is the ohm (Ω). Its symbol is usually Z, and it may be represented by writing its
magnitude (|z| and phase θ .
Regarding the calculation of the impedance, first, to simplify calculations, sinusoidal voltage and current waves
are commonly represented as complex-valued functions of time denoted as V and I:
V = |V |e j(ωt+φV ) (2.22)
I = |I|e j(ωt+φI) (2.23)
The impedance of a bipolar circuit is defined as the ratio of these quantities:
Z =
V
I
=
|V |
|I| e
j(ωt+φI) (2.24)
Hence, denoting θ = φV −φI , one has
|V |= |I| · |Z| (2.25)
φV = θ +φI (2.26)
where the last equation defines the phase relationship.
Consumed power
The electric power17 P, as a function of the operating voltage, V , is an established measure to describe electrical
characteristics of the plasma controller. Electric power is the rate, per unit time, at which electrical energy is
transferred by an electric circuit. The SI unit of power is the watt (W), one joule per second. This magnitude, in
terms of average value, is defined as the frequency multiplied by the area enclosed in the Lissajous figures Q(t) vs.
V (t), for each frequency. However, as an instantaneous value the Ohm’s law is used for calculation, so that for each
moment the power is:
P= work done per unit time=
VQ
t
=VI⇒ P(t) =V (t) · I(t) (2.27)
17General concepts extracted from: [110][111][112].
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and following this definition from Ohm’s law, we obtain this average expression for a period, whose result must
coincide with the area enclosed in the figure of Lissajous multiplied by frequency for the corresponding frequency:
P=
1
T
∫ T
t=0
V (t) · I(t)dt (2.28)
However, taking these arguments to specific theory of alternating current AC, in the case of sinusoidal alternating
current, the average electrical power developed by a two-terminal device is a function of the effective values or mean
square values, of the potential difference between the terminals and the current that passes through the device.
In an AC circuit, the voltage and current waveforms are sinusoidal, i.e., their amplitudes are constantly changing
over time. Since is is known that power is voltage times the current (P=V · I), maximum power will occur when the
two voltage and current waveforms are lined up with each other, that is, their peaks and zero crossover points occur
at the same time. It happens when the two waveforms are said to be “in-phase”. But if not, then, remembering the
current components, the product of the intensity, and those of its active and reactive components, by the voltage
results in the apparent (S), active (P) and reactive (Q) powers, respectively.
• Apparent Power, S: is the magnitude of the complex power in an AC circuit, being the module of the vector
sum of its components. It is measured in volt-ampere (VA),
S=V · I⇒ S=VRMS · Irms⇒ S2 = P2+Q2 (2.29)
This power is not really the “useful” power, except when the power factor is the unit (cos φ = 1) –explained
later in this enumeration–, and indicates that the power supply of a circuit must not only satisfy the energy
consumed by the resistive elements, but also considers which will “store” the coils and capacitors.
• Active Power, P: is used as useful power. It is also called average consumed power or absorbed, real or true
power; and is due to resistive devices. It is the power capable of transforming electrical energy into work; this
power is, therefore, the one actually consumed by the circuits. It is measured in watts (W).
If a sinusoidal voltage of the form V (t) = |V | · sin (ωt), this will cause in the case of an inductive character
circuit a current I(t) = |I| · sin (ωt−φ) offset by an angle with respect to the applied voltage φ , where, for
the purely resistive case, the phase angle can be taken as zero. The instantaneous power will be given as the
product of the previous expressions:
P(t) = |V | · |I| · sin (ωt−φ) · sin (ωt) = |V | · |I|cos φ − cos (2ωt−φ)
2
(2.30)
and replacing the peak values with the effective ones:
P(t) =VRMSIRMScos φ −VRMSIRMScos (2ωt−φ) (2.31)
This gives a constant power component and another variable with time for the complex power of an electric
circuit of alternating current, being the first value called active power and the second fluctuating power.
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Summarizing and according to its expression, the law of Ohm and the triangle of impedance –see Fig. 2.16.b–:
P=V · Ia⇒ P= IRMS cos φ ·VRMS = IRMSZ · IRMS cos φ = I2RMS ·Z · cosφ = I2RM S ·R (2.32)
where it can be verified that the power is due is due to the resistive elements.
Then real power, P, in an AC circuit is the same as power, P, in a DC circuit. As resistances do not produce any
phase shift between voltage and current waveforms, all the power is delivered directly to the resistance and
converted to heat, light and work. Then consumed power by a resistance is real power which is fundamentally
the circuits average power.
• Reactive Power, Q is not consumed or generated in the strict sense, although by convention can be found
terms like “reactive power generated” and/or “reactive consumed power”. In linear circuits only appears when
there are coils or capacitors; so, therefore, all that power developed in inductive circuits is inductive reactive
power, and capacitive reactive power is all that power developed in a capacitive circuit.
Q=V · Ir =V · Isenφ (2.33)
Power factor and phase shift
In a purely resistive circuit, both voltage and current signals are in phase with each other, so the actual consumed
power is the same as the apparent power, since the phase shift is zero. In this way the power factor is of value one,
since cos (φ = 0) = 1. This result implies that the number of watts of consumed power is the same as the number of
volt-amperes consumed, that is, a unit value for the power factor is equivalent to a percentage of 100% in which
there are no energy losses; since in a conceptual way the reactive power is a power of “ roundtrip ” in that when there
are capacitors and coils, they remain continuously storing and returning energy, but there are losses in these "trips".
That is, the power factor of an alternating current circuit is defined as the ratio between the active power, P, and
the apparent power, S; giving a measure of the capacity of a charge to absorb active power. For this reason, cos φ = 1
in purely resistive loads; and in ideal inductive and capacitive elements without resistance cos φ = 0 (that is the
number of watts consumed is zero but there is still a voltage and current supplying the reactive charge), because
there is no phase difference between the voltage and the current in a resistive circuit, the phase shift between the two
waveforms will be zero.
PF =
P
S
= cos φ (2.34)
where in impedance calculations phase shift φ was referred as θ . Those losses of the trip that were discussed are
those that should be avoided by compensating the inductive reactive power with the capacitive one, as close to the
consumption as possible. In this way it is achieved that the energy does not fluctuate and part of it is not lost along
the way; this is called power factor compensation, which should be as close to 1 as possible.
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To find the corresponding value of the real power the rms voltage and current values are multiplied by the cosine
of the phase angle, θ as shown.
2.3.3 Spectroscopic analysis
Electromagnetic radiation is composed of a series of particles called photons. These particles travel at the speed
of light, and their energy is shown in equation 2.35. The electric and magnetic fields of radiation, especially the
electric one, which is the most intense, interact with matter, due to the electrical nature that it possesses. The main
phenomena originated by the light-matter interaction are: reflection, dispersion, transmission and absorption.
The energy of a photon of an electromagnetic wave or its corresponding frequency is equivalent to the energy
difference between two quantum states of the substance studied. The basic equation of spectroscopy is as follows:
∆E = h ·ν (2.35)
where h is the Planck constant, ν is the frequency of the light beam or electromagnetic wave associated with that
how much of light –that is, the oscillation frequency of the electric and magnetic fields associated with said photon,
which oscillate transversely to the propagation direction of the wave– and ∆E is the energy difference. The energy
differences between quantum states depend on the elemental composition of the test or the structure of the molecule,
depending on the case in which we are.
So, what is spectroscopy? spectroscopy is the study of the interaction between electromagnetic radiation and
matter, with absorption or emission of radiant energy. The purpose of spectroscopy is to obtain information about a
test or a radiant body.
Electromagnetic radiation is attributed to energy differences in the transitions of electrons from one atomic
level to another. There are three cases of interaction with matter: elastic shock, inelastic shock and absorption or
resonant emission of photons; spectroscopy is related in most cases to the third interaction, being understood by
it all phenomena of absorption and emission of radiation by matter, studying in what frequency or wavelength a
substance can absorb or emit energy in the form of a quantum of light.
Although the emission lines are caused by a transition between quantized energy states, and can be very sharp at
first glance, they have a finite width; that is, they are composed of more than one wavelength of light. In general,
the distribution of intensity as a function of frequency or wavelength is called spectrum. In addition to visible
light (λ = 700−400nm.), spectroscopy now covers a large part of the electromagnetic spectrum. Visible light is
physically identical to all electromagnetic radiation. It is visible to the human being, because the eye detects this
narrow radiation band of the complete electromagnetic spectrum. This band is the dominant radiation that the Sun
emits.
The molecules in gaseous state, absorb radiation, at least, in 3 regions of the spectrum, microwave, IR and
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UV-visible. A molecule absorbs a photon only if the energy of the incident radiation exactly matches the separation
between two energy levels of the molecule. This condition is necessary, although not sufficient, since another set of
requirements must be fulfilled (selection rules).[113]
Molecules are small accumulators of energy, and can modify their energy by collisions with other molecules, or
by emission or absorption of radiation.
There is a set of spectroscopies called emission – often called Optical emission spectroscopy , due to the nature
of the light that is emitted–, in which the molecules are previously excited, analyzing then the radiation they emit
upon returning to their ground state, and this is the case that occupies this work as can be known. In this work the
molecules have been excited by the passage of electrical current. Then, also called field spectroscopy or emission
spectroscopy, optical spectroscopy for the study of plasmas is a characterization technique that allows to know the
properties of a plasma. So, Emission optical spectrometry is a spectroscopic technique that analyzes the wavelengths
of photons emitted by atoms or molecules during their transition from an excited state to a state of lower energy. Each
element emits a characteristic set of discrete wavelengths according to its electronic structure. By observing these
wavelengths, the elemental composition of the sample can be determined. Emission spectrometry was developed at
the end of the 19th century, and theoretical efforts to explain the atomic emission spectra led to quantum mechanics.
Thus, the spectral analysis is based on detecting the absorption or emission of electromagnetic radiation at certain
wavelengths, in relation to the energy levels involved in a quantum transition. By means of a spectrophotometer the
spectrum of the light is measured (intensity of the light absorbed, reflected or emitted as a function of the frequency
or of the wavelength); and the spectra differ considerably from element to element.
Previous concepts
Quantum mechanics is a discipline of physics responsible for providing a fundamental description of nature at small
spatial scales. Quantum mechanics can not predict the exact location of a particle in space, only the probability of
finding it in different places; and, in consequence, there is the term “atomic orbital” is a mathematical function that
describes the wave-like behavior of either one electron or a pair of electrons in an atom. This function can be used
to calculate the probability of finding any electron of an atom in any specific region around the atom’s nucleus; it
may also refer to the physical region or space where the electron can be calculated to be present, as defined by the
particular mathematical form of the orbital.[131]
Each orbital in an atom is characterized by a unique set of values of the three quantum numbers n, l and m, which
respectively correspond to the electron’s energy, angular momentum, and an angular momentum vector component,
the magnetic quantum number. Each such orbital can be occupied by a maximum of two electrons, each with its own
spin quantum number s. The simple names s orbital, p orbital, d orbital and f orbital refer to orbitals with angular
momentum quantum number l equal to 0, 1, 2 and 3 respectively. These names, together with the value of n, are
used to describe the electron configurations of atoms.
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The ground state of a quantum mechanical system represents its lowest possible energy state; also known as the
zero point energy of the system. By excited or vibrational state is understood any state with energy superior to that
of the ground state.
If there is more than one fundamental state, it is understood that they are degenerate. According to the third
principle of thermodynamics a system at absolute zero temperature is in its ground state, since its entropy is
determined by the degeneracy of the ground state. Many systems, such as a perfect crystal structure, have a unique
ground state, and therefore have zero entropy when they are at absolute zero –it is also possible for the state of
greatest excitation to have absolute zero temperature in the systems that exhibit negative temperature–.
The ground state in physics opened the doors of quantum mechanics at the beginning of the 20th century, when
the Bose Einstein Condensate was predicted; since when the atoms lose their individual identity at extremely low
temperatures, it is established that the atoms are at the same quantum level. In this, as can be understood, energy is
a fundamental pillar, since at very low temperatures atoms are also at their lowest energy level, while at normal
temperatures atoms are at different energy levels, i.e., in an excited (vibrational) state.
Electronic and Vibrational Structure of the N2
The developed experiments have been carried out with air, being the composition of this one of 78% of nitrogen,
21% of oxygen and the remaining 1% is composed of gases such as carbon dioxide, argon, neon, helium, hydrogen,
others gases and water vapor. That is why it is mainly interesting to know the spectroscopic properties of N2. This
high concentration is the result of the balance between the fixation of atmospheric nitrogen by bacterial, electrical
(lightning) and chemical (industrial) action and its release through the decomposition of organic matter by bacteria
or by combustion.18
The nitrogen atom is a chemical element with atomic number 7 and the first element of group 15 of the periodic
table. [114]
Firstly, homonuclear molecules/species are composed of only one element. They may consist of several atoms,
depending on the properties of the element, and some of these may have several allotropes19.
Noble gases are exceptional cases of monoatomic molecules, because they rarely form bonds. However, most
homonuclear molecules are diatomic: hydrogen (H2), oxygen (O2), nitrogen (N2) and all halogens; however, not all
diatomic molecules are homonuclear.[115]
• Electronic structure:
The usefulness of homonuclear diatomic molecules comes from the fact that they provide an excellent basis
for understanding the composition of molecular orbitals by means of combinations of atomic orbitals: wave
functions superimposed linearly or constructively (union orbitals) or destructive form (antibonding orbitals),
18Information of this section extracted meanly from [133].
19Allotrope: each of two or more different physical forms in which an element can exist. For example, graphite, charcoal, and
diamond are all allotropes of carbon.
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which are governed by the symmetry of the molecule and the degree of superposition atomic. [35] Regarding
atomic orbitals, they can be mixed in symmetric (σ ) or antisymmetric (pi) molecular orbitals under rotations
with respect to the internuclear axis; and, likewise, molecular orbitals can be symmetric (g) or antisymmetric
(u) under inversion with respect to the center of mass of the molecule.
The most external energy level in an atom is known as the valence band, with the electrons placed in this
layer named as valence electrons. These electrons are involved mainly in the formation of bonds and in the
chemical reaction with other atoms, thus being responsible for different chemical and physical properties
of the element. In the case of nitrogen, as its atomic number 7, its electronic configuration is 1s2 2s2 2p3,
having as valencies 1,2,+3,-3,4,5 to achieve a stable configuration with its full valence band.
In the case of nitrogen N2, the orbitals of the 1s electrons do not overlap, however the remaining 10 valence
electrons occupy molecular orbitals that are the result of the mixture of the 2s and 2p orbitals, including s-p
interactions due to their proximity, as we can see in Fig. 2.18.a.
(a) Electronic configuration.. (b) Vibrational states..
figure 2.18 Electronic and Vibrational structure of N2 molecule.
Regarding a), nitrogen molecules perform vibrations according to the particular occupation of the electrons in the
binding or anti-binding molecular orbitals determining the length and strength of the bond. The energy levels of
the corresponding quantized vibrations of the molecule, described by the vibrational quantum number of the
molecule v, are superimposed on the levels of electronic energy. Source of the image: [0]
Respect to b), the red lines represent the curves of potential energy of the vibrational statesC3Π and B3Π. They
are the transitions responsible for the most intense peaks that are observed in the spectrum, and which are
represented with the number ˜ν0ν ′′ . Source of the image: [116] .
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• Vibrational structure:
In addition, the discrete energy structure of the molecular electron can be divided in a superposed spectrum
of vibrational states. Due to the fact that each electronic state is characterized by different lengths and link
strengths (by different electronic distributions), the molecular oscillator will have a variety of potential energy
curves associated with the different vibrational states, each with a range of vibrational levels spaced differently,
organisationally represented by quantum numbers: ν = 0,1,2...
The designation negative and positive groups (or bands) refer to the occurrence of these bands in the negative
glow or the positive column, respectively, of an electric discharge. The positive groups are due to the neutral
molecule, the negative groups to the singly positively charged molecular ion.[134]
In the present work, the Second Positive System of vibrational states of nitrogen will be studied: C3Πu and
B3Πg, whose potential energy curves are illustrated in Fig. 2.18.b.
So, to observe the vibrational levels, the nitrogen molecule must be first excited into metastable radiative
states, such as via a transition from the molecular ground state X1Rg intoC3Πu.
As already explained in Section 2.2, the discharges in gases get to excite the species causing collisions between
electrons and ions, and as a consequence, the species decay energetically through the emission of light forming
glow discharges. If that potential difference is maintained so that the plasma self-sustains, new accelerated
free electrons will be enveloped in new impacts by excitation and ionizations.
Nitrogen is easily excited at one of its ν ′ levels of the C 3Πu state. The discharge region may also contain
other species of molecular nitrogen, such as positive ions (N +2 ) produced by direct electron impact ionization
of the neutral molecules from the ground state X1∑g, which is predominant in the gas. However, depending
on the energy of the electron impact, the ions may be knocked into their vibrational ground state X2∑g (which
could be later excited) or directly into an excited B2∑u state:
N2(X ,ν = 0)+ e→ N+2 (X ,ν ′)+2e (2.36)
where electron energy is higher than 15.6eV.
N2(X ,ν = 0)+ e→ N+2 (B,ν ′)+2e (2.37)
where electron energy is higher than 18.5eV.
Derived from this reasoning, the excited states will deca in a spontaneous way spawning an emission sprectrum
with line intensities proportional to the population of the upper bands N2(C, ν ′) or N2(B, ν ′):
N+2 (C,ν
′)→ N2(B,ν ′′)+hν (2.38)
N+2 (B,ν
′)→ N+2 (X ,ν ′′)+hν (2.39)
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The vibronic radiative transitions occurring between various vibrational states of N2 and N+2 will be recorded
into a spectrum representing the emission bands in Section 4.2.
How to analyze the data from spectroscopy
Regarding how “to read” the nitrogen emission spectra, it is to be understood that this is a source of information
about the potentials associated with the vibrational states of the molecules. Therefore, the spectrum transition
characteristics must first be extracted and organized; for whose correct reading it is first necessary to know the
selection rules that govern the transitions leading to the pattern of intensity peaks shown within each emission band
progression.
The probability of transition between vibrational levels depends on the degree of overlap between the wave
functions of two states, in addition to obvious contributions such as the electron occupancy of the level ν0 and the
probability of electronic transition (which is constant for transitions within the same system, as for example, the
second positive system C3Πu→ B3Πg). The overlap is quantified by Franck-Condon factors weighting the vibronic
transition probability.
So, to identify the different head bands of the nitrogen, it has to be compared the wavelength of these results with
the tabulated table included in Fig. 2.19[142], which represents the pattern that nitrogen (major molecule in an air
plasma, easily excitable) always follows.
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figure 2.19 Tabulated table for Nitrogen emission spectrum for second positive system states. Source of the image:
[142]..

3 Design and construction of DBD plasma
controllers
Different devices have been built, from which electrical and spectroscopic characterizations have been developed,
in order to draw conclusions. All of them have been the result of four different phases of study, in which a series of
different characteristics have been taken into account as a research subject, and whose conclusions have defined the
line of action of the next phase, respectively. So, this series of devices have been designed based on the conclusions
that were drawn from the previous analyzes, thus continuing with the most fruitful research line.
In this chapter, specifically in Section 3.1, are explained all the phases –and consequently, its devices– and the
reasons why the different configurations were carried out; that is, the design and construction of the DBD Plasma
Actuator. Each one of these devices used will be presented in order to characterize them to understand the differences
between the data obtained from their analysis, which will be shown in Chapter 4. Also, in Section 3.2 and 3.3 some
considerations regarding the manufacturing of the devices and about the experimentation are collected respectively,
and, finally the experimental procedure and its necessary resources and considerations will be shown in Section 3.4.
3.1 Phases of the study
Four phases of study have been considered to develop this work, through which one wanted to find the most powerful
and energy efficient configuration, finding the device that achieves a surface covered with plasma of greater length
when it is sufficiently energized as function of the magnitudes/properties that have been studied in this project. All of
them, except experiments of Phase 4, have been studied at atmospheric pressure and atmosphere in calm as general
strategy. The description of these phases is presented below in the next sections.
Before presenting the mentioned enumeration of the phases, remember that the reader can go to Section 2.2.2 to
know the physical characteristics of the different materials that are used in the construction of the devices. Besides,
after the presentation of the different phases, in Table 3.1 all built devices are presented. Having said this, the different
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phases of study are called like the following way –included in Section 3.1.1-3.1.4. –:
• Phase 1: Basis functional study of DBD actuator with the aim of generating the largest possible amount
of surface covered with plasma
• Phase 2: Influence of dimension of gap
• Phase 3: Active multi-electrode configurations
• Phase 4: Experimentation with airflow and reduced pressure
The following devices included in Table 3.1 have been built, and, in general, the nomenclature used to size the
devices is indicated in Fig. 3.1. The dimensions that characterize the devices built in Phase 1 and Phase 2 are detailed
in Table 3.2, whose structures can be seen in the schemes contained in Fig. 3.2; dimensions of the rest are detailed in
their corresponding Section.
Table 3.1 List of experiments and its corresponding devices..
DEVICES
EXPERIMENT Substratum Conductive Configuration Picture
Exp.1, Phase 1|Device 1 Quartz (SiO2) Type A
Exp.2, Phase 1|Device 2 Quartz Type B
Exp.3, Phase 1|Device 3 Quartz Copper (Cu) Type C Fig. 3.3
Exp.4, Phase 1|Device 4 lithium niobate (LiNbO3) Type A
Exp.5, Phase 2|Device 5 Quartz Type D, gap=5mm
Exp.6, Phase 2|Device 6 Alumina (Al2O3) Type D, gap=5mm
Exp.7, Phase 2|Device 7 lithium niobate Type D, gap=5mm
Exp.8, Phase 2|Device 8 Quartz Type D, gap=2.5mm
Exp.9, Phase 2|Device 9 Alumina Type D, gap=2.5mm
Exp.10, Phase 2|Device 10 lithium niobate Type D, gap=2.5mm
Exp.11, Phase 2|Device 11 Quartz Copper Type D, gap=1mm Fig. 3.4
Exp.12, Phase 2|Device 12 Alumina Type D, gap=1mm
Exp.13, Phase 2|Device 13 lithium niobate Type D, gap=1mm
Exp.14, Phase 2|Device 14 Quartz Type D, gap=0mm
Exp.15, Phase 2|Device 15 Alumina Type D, gap=0mm
Exp.16, Phase 2|Device 16 lithium niobate Type D, gap=0mm
Exp.17, Phase 3|Device 17 Quartz TFO, Fluor tin oxide (SnO2−F) Type E Fig. 3.5
Exp.18, Phase 3|Device 18 Quartz TFO Type F Fig. 3.5
Exp.19, Phase 3|Device 19 lithium niobate Copper Type G Fig. 3.6, 3.7
Exp.20 Phase 4|Device 19 Device 19 faced with airflow Fig. 3.8
Exp.21 Phase 4|Device 19 Device 19 at reduced pressure Fig. 3.9
3.1.1 Phase 1: Basic functional study of DBD actuator
In this first phase it has been studied, mainly, the efficiency of different configurations of a DBD Actuator with, as
explained, the aim of generating the largest possible amount of surface covered with plasma, on the dielectric layer.
For this purpose, reactors with three different configurations have been powered, and in addition, the effect on two
different dielectric materials has been checked: quartz (SiO2) and lithium niobate (LiNbO3).
Three types of devices (Type A, B and C –see Fig. 3.2 to know the dimensions–) have been built and powered
according to the configuration of the electrodes –in all devices, has been avoided that electrodes extend to the limits
of the substrate to ensure that they do not interact, creating edge effects which are not desired–. That is:
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figure 3.1 Nomenclature to size the devices.
The green zone represents the face of the active electrode where the plasma is generated most immediately..
Table 3.2 Dimensions of devices of Phase 1 and 2. Thickness of the dielectric discs used (h) are, respectively for lithium
niobate, quartz and alumina: 1mm, 1mm and 2mm. The values belong to the same order of magnitude, and their
influence on the discharge has not been studied, however the influence is not believed to be significant, as it does not
affect the conclusions of the trend included in this paper..
DIMENSIONS OF DEVICE CONFIGURATIONS
Electrode material,
thickness (t)
Copper, 0.025mm
Configuration type Type A Type B Type C Type D
Width of the exposed
electrode(s) (a)
12mm 12mm 10mm 10mm, 10mm 10mm 10mm
Width of the encapsu-
lated electrode (b)
R>9cm R>9cm R>9cm R>9cm 10mm 10mm 10mm
Gap (g) - - 5mm 5mm 5mm,2.5mm,1mm,0mm
Length of discharge
zone (s)
>7cm >7cm 6.5cm 6.5cm 7cm 7cm 7cm
Dielectric material Quartz lithium niobate Quartz Quartz Quartz lithium niobate Alumina
Type A: Device with a single active electrode, located on the upper face of the substrate, centered and shaped like a
rectangular strip, and the ground electrode under the circle-shaped substrate that occupies practically the
entire surface –see Fig. 3.2.a–.
The objective of this configuration is, fundamentally, to verify that the discharge causes the generation of
plasma around the active electrode, observing the characteristics of the same depending on the dimension of
the different magnitudes that determine the energization chosen to apply to the device during the experiment.
Type B: Device with three electrodes in the form of rectangular bands on the upper face of the substrate, of which
the two external bands are active and the center is a ground electrode, and a single ground electrode, with a
circular shape, at the bottom of the substrate as the Type A configuration –see Fig. 3.2.b–.
The purpose of this device is to try to cover the space between the different electrodes of the upper face of the
substrate, in the form of "bridges" between them. In the beginning it was decided that the electrode of the
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medium should be grounded to avoid a possible short circuit.
Type C: Same configuration as Type B, but in this case the three electrodes of the upper face are active –see Fig.
3.2.c–.
The objective is the same as Type B, but trying to see if the fact that there are three active electrodes does not
cause incidents, besides seeing if it maximizes the sought effect of plasma "bridges".
(a) Type A configuration.. (b) Type B configuration..
(c) Type C configuration.. (d) Type D configuration..
figure 3.2 Phase 1 and 2: Type A, B, C and D DBD Plasma controller configurations..
Type A construction has been developed on both quartz and lithium niobate, as dielectric substrates, while
configurations type B and C have been tested only on quartz. In Fig. 3.3 one can see real pictures of the devices.
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(a) Device 1: Type A,
quartz..
(b) Device 2: Type A, lithium
niobate..
(c) Device 3: Type B, quartz.. (d) Device 4: Type C,
quartz..
figure 3.3 Phase 1: Real pictures of the devices..
3.1.2 Phase 2: Influence of dimension of gap
To this goal, reactors that have been electrically fed they share the same configuration regarding: shape, number and
function of the electrodes used, composed of an active electrode with a narrow band on the upper face and another
with the same characteristics on the lower/overleaf face but in this case connected to ground, called Type D –see Fig.
3.2–, both developed with adhesive copper films superimposed on the surface of the substrate. This configuration of
electrodes has been mounted on 3 different types of substrates, thus having 3 different device species, to which size
of the gap between both electrodes has been varied. For each device, 4 measurements have been made according to
the gap: 5 mm, 2.5 mm, 1 mm and canceling the gap. The substrates used were: quartz (SiO2), alumina (Al2O3) and
lithium niobate (LiNbO3). Real pictures of some devices are in Fig. 3.4.
3.1.3 Phase 3: Active multi-electrode configurations
Phase 3 is presented as an evolution of phase 2. In it, active multi-electrode configurations are studied, as a result of
a series of type D configurations adjacent to each other, that is, alternating conductive and insulating bands.
In this sense, the schematized band structures developed are shown in Fig. 3.5 (Type E, F configurations) and
3.7 (Type G configuration), since three tests were carried out. Configurations E and F were developed on quartz
crystals that previously had a TFO transparent conductive oxide deposition (SnO2−F , Fluor tin oxide) on one of its
surfaces, several microns thick; so that certain areas –see Fig. 3.6– of the surface have been sanded to eliminate
all the conductive coating and thus achieve the structure of alternating conductive-insulator bands on said face,
being this face the active electrodes side. For the ground electrode, two different geometries have been used by
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(a) Device 5: Type D,
quartz, gap=5mm..
(b) Device 6: Type D, alumina,
gap=5mm..
(c) High voltage cable
used..
figure 3.4 Phase 2: Real pictures of some devices..
placing the copper used in the previous devices on the lower face of the glass: one of them simply corresponds
to covering practically the entire back surface (without reaching the limits to avoid edge effects) and the second,
more meticulous, places ground electrode bands coinciding in a top view with the insulating bands that were left
uncovered in the top surface after sanding the material.
(a) Type E configuration.. (b) Type F configuration (underside)..
figure 3.5 Phase 3: Type E and F DBD Plasma controller configurations. Grey zone corresponds to active TFO electrodes
(common for E and F), and the other two schemes represent the back face, connected to ground..
Regarding the G configuration, after the success of the previous experiment –that is, the number 18 that has the
type F configuration on quartz with conductive coating–, it was proposed to advance in this proposal but being
developed with a substrate-material with more power in the discharge and with a more sensitive configuration. The
experiment number 19 was developed on lithium niobate since it has been the material that has provided the best
results, as will be explained in Chapter 4. The same concept of geometry of the electrodes used in type F has been
implemented, but decreasing both the width of each conductive band and the strips that remain uncovered between
each pair of electrodes. In particular, a common width of 1mm has been used for each division. Again, electrodes
have been made in copper and the active electrodes have been placed on the unpolished face of the lithium niobate
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(a) Device 17.. (b) Device 18..
figure 3.6 Phase 3: Real pictures of devices E and F..
disc. In Fig. 3.7 pictures of the real device and information about its geometry are shown.
figure 3.7 Phase 3: Real pictures of device G..
3.1.4 Phase 4: Experimentation in airflow and at reduced pressure
In this phase, two experiments were carried out. First, in experiment 20, the DBD plasma actuator has been faced
with a surface current of air with the plasma already generated, to test what effect the current has on the covered
plasma surface as to whether the flow displaces or extends it, as well as to observe the variation in its direction that
the current experiences as a result of the effect of the plasma exerts on it. The assemblage needed for the experiment
that has been used is showed in Fig. 3.8. The experiment was executed at 13 kHz and 3 kVpp, however it was not
possible for a naked eye to perceive the effect of the current on the generated plasma due to the small order of
magnitude of the lit area and the limited capacity of the device that generates the current.
Regarding the second goal of this phase, whose observation would be interesting, it would have been convenient to
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develop a smoke chamber to be able to visualize the variation of the streamlines disturbed by the actuator; however,
the existing safety requirements of the laboratory did not allow this type of experiment to be carried out with the
means we had.
In Appendix B are included evidences as a result of this type of experiments that have been published in other
studies.
figure 3.8 Phase 4: Scheme of experiment 20, over device 19..
Respect to experiment 21, correspond to device used in experiment 19 but being tested at reduced pressure (as a
usual flight situation for an aircraft) inside a specific reactor, always in atmosphere in calm. The effect of the pressure
on the ignition voltage and current was studied, and for that It was taken for measures: at 988 mbar (corresponding
to the pressure in the laboratory1, in order to compare this result with the result obtained in experiment 19), at 667
mbar(corresponding to 11000 ft approximately), at 301 mbar (corresponding to 30000 ft approximately) and 20
mbar. All of the measures were saved at 5 kHz of frequency because it correspond to optimum frequency, as it can be
read in the section of electrical analysis results. In the Fig. 3.9 it can be seen how and where the device was placed
for the development of the experiment. The spheric camera is marketed by Kurt J. Lesker Company.
1 Possible discrepancies justified by the calibration of the high pressure meter.
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(a) Different views of the reactor..
(b) Device mounted in the inner chamber of the reactor..
figure 3.9 Experiment 21 (Phase 4): Device 19 at reduced pressure..
3.2 Notes about manufacturing
1. To manufacture the electrodes, the copper used corresponds to adhesive tapes by one of its faces of low
thickness..
2. The cables used to make the connections have been soldered to the copper with tin. Depending on the fragility
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of the dielectric, it may or may not be welded on the copper once it is already adhered to the dielectric to avoid
damage; since, for example, the first time I worked on the lithium niobate, it could not withstand the thermal
shock when this was done, breaking the disc and having to be replaced, so after this incident the welding was
carried out on the copper prior to its assembly on these discs in question.
3. Not all the cables used have been of the same type. Within Phase 1, for the Type A device, common grounding
wires were used for both electrodes, while for Type B and C devices, thinner cables were used. For Phase 2,
specific cables for high voltage have been used –see Fig. 3.4.c–.
4. As I was progressing in the construction of the devices, I tried to achieve smaller welds, so that the area of
contact with the high voltage was smaller, and interfere, as a result, as little as possible in the ignition of the
plasma.
5. In general, the substrate discs have been reused for the different experiments.
6. The dimensions of the discs have not been strictly taken into account, since they did not necessarily have to be
the same in all the materials, since this aspect did not affect the experiment.
7. The discs of dielectric material in the laboratory all have the same surface finish on both sides, with the
exception of lithium niobate, in which one of the faces is polished and the other is not; for this reason, the
active electrode has always been placed on the unpolished surface. Regarding the quartz discs, both faces
are polished, while in alumina none of them is, although the roughness is minimal and comparable to the
unpolished face of the lithium niobate discs.
8. Ground electrode is not embedded in the substrate, but adhered to the underside of the disc.
9. The electrodes never extend to the edge of the dielectric to avoid unwanted edge effects.
10. Related to nomenclature aspects, when one talks about the upper face of the substrate it refers to the face
where the active electrodes are located, while the lower face or underside is the face where only the ground
connection is located.
3.3 Considerations regarding the experiments 65
3.3 Considerations regarding the experiments
1. The generated plasma emits fluorescent light of violet color due to nitrogen mainly.
2. Regarding how to recognize/establish the breakdown point in which to save measures, a visual criterion has
been applied to perceive a significant level of luminosity, this being the minimum to which I can perfectly
perceive the discharge lines between the active electrode and the substrate if I observe the disc in profile (that
is, facing the vision to the thickness of the device), since it is more difficult to try to be exact in said recognition
if I observe the disc in plant (from above), especially the less translucent is the substrate material.
It has to be commented that due to the existence of concentrators such as the corners of the electrodes, the
welding zone to the high voltage cables, the possible irregularities and roughnesses that the copper film
presents, fruits of the construction of the device, or the degradation of the adhesive that keeps the electrodes
adhered to the discs either by overheating or by drying them during the time they remain inactive stored in the
laboratory, these elements constitute uniformities in the electrodes that affect the way in which the current is
distributed over them , as well as, consequently, the moment in which the plasma appears around each local
point of the perimeter of the electrodes. Consequently, in all experiments it is common that approximately
half a kilovolt –at least– before the breakdown point considered by my criteria, plasma appeared in very
localized points of the electrodes progressively, as are the corners mentioned above. That is why these previous
appearances have not been considered representative of the phenomenon studied, and were taken simply as a
reference (although observed at all times to analyze its repercussion). The breakdown point was considered
when a significant part of the contour was turned on, and when said parameter was repeated throughout the
experiment, but logically said pattern is not the same for each configuration, but a level considered equivalent.
In some cases this critic level corresponded almost instantaneously to practically the whole contour, but in
other occasions, if one waited for the contour to fill up, there were large areas that remained long (from a
relative perspective) time on, reaching greater luminosity; for what was the appreciable ignition of these
concrete areas, whenever their extension was significant, the one considered as point of ignition.
It was also thought that perhaps a finer design of the electrodes would improve the uniformity in the generation
of the plasma.
It is useful to cover the methacrylate box with an opaque material so that the reactor remains dark in the
viewing angle and the discharge is easily noticeable at its minimum level of light intensity. The atmosphere of
the room should be as dark as possible.This fact adds a certain degree of subjectivity to the experiment since
it is not possible to maintain an ambience in the laboratory completely without light.
Derived from the above considerations, the most complex measure to determine, for me, has always been the
first one at a frequency of 1 kHz.
3. The experiment generates ozone, so precautions must be taken to divert this flow as much as possible and thus
aspire as little as possible.
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4. Due to the ionization of the gas, there is emission of sound from the experiments from a certain level of
charging, especially intense and acute in the case of experiments with lithium niobate, but this aspect has not
been considered as a useful reference as measuring tool.
5. The heating of the disc or level of polarization achieved can influence the breakdown point of the experiments
when it remains energized for a long time, since the experiments extend at least one hour. That is why the
experiments should be done with the maximum agility possible. At least, while the plasma is active, the process
of discharge the device must also be slow, progressively decreasing the polarization, avoiding forcing the
crystalline network of the substrate.
6. Prior to starting each study at a certain frequency, the device must be electrically discharged. That is why
after loading the reactor for each measurement, it must be completely discharged. The charging process must
be done at a moderate speed (with a sensitivity level in the ascent of the order of ten volts, minimum), taking
care that the substrates do not suffer damage or short circuits.
7. For the development of experiments at reduced pressure it was necessary to take special care in opening the
air inlet valve of the camera between experiments, to clean the atmosphere in which they were carried out, and
thus avoid an atmosphere enriched in ozone.
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The performance of the process was analyzed by varying both the input voltage,V (t), and the characteristic frequency,
f . The experimental system used for the electrical characterization is showed in Fig. 3.10: a function generator
(Stanford Reserach System, Model DS345) and a high voltage generator (Trek, Model 20/20 C) have been needed to
power the controller, and as a reader of voltage and current signals in time, V (t) e I(t) respectively, an oscilloscope
(Agilent Technologies Oscilloscope DSO X 3024A) was used. The DBD controller is inserted in a methacrylate
box to carry out the experiments as a safety measure. Likewise, this is usually covered so that the external light of
the ambient does not penetrate into the cavity and the plasma and, more specifically, the breakdown point can be
appreciated (since although the discharge is perceptible to the naked eye, the necessary conditions to appreciate it in
detail require an atmosphere of darkness, for which the laboratory ambience was adapted closing all possible light
sources although this can not be total), moment in which the measures are saved –see Fig. 3.11–.
For the case of the experiments under reduced pressure, these were carried out inside the spheric camera which
can be seen in the Fig. 3.9, marketed by Kurt J. Lesker Company.
figure 3.10 Experimental system for electrical characterization. A function generator (Stanford Reserach System, Model
DS345) and a high voltage generator (Trek, Model 20/20 C) have been needed to power the controller, and as a
reader of voltage and current signals in time, V (t) e I(t) respectively, an oscilloscope (Agilent Technologies
Oscilloscope DSO X 3024A) was used..
Following with the typical performance values of the DBD controllers –see page 32, Fig. 2.2– we have worked in
a range of frequencies of 1-15 kHz taking measurements of each unit of kHz, this is, 15 measurements for each
device; with a sinusoidal signal with offset and phase both null. Thus studying the influence of frequency on the
electrical results of the experiments.
Considerations to take into account for the visual recognition of the breakdown point during the experiment –see
Fig. 3.11 to check these tips–:
1. Ensure that the monochromator remains in a stable position and correctly pointing to the target.
2. Guarantee dark ambient, especially important to perform the spectroscopic analysis. We try to keep the
68 Chapter 3. Design and construction of DBD plasma controllers
(a) Plasma off..
(b) Plasma on..
(c) Plasma on..
figure 3.11 DBD reactor connected for the experiment in different positions. Pictures taken in different experiments to
appreciate the way in which the box was covered (in the image it is partially covered).
Likewise, the relative position occupied by the reactor inside the box is indifferent to the experiment, this depends
in each case of the place where the connection cables have been placed, or the size of the device, always trying to
find the more comfortable and stable position, which guarantees the correct execution of the experiment and for
visual recognition of the breakdown point.
The two images starting on the left correspond to one of the experiments performed on a Type A device mounted
on quartz, while the first starting on the right is a Type D configuration on lithium niobate..
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laboratory dark during the experiment, using an opaque and insulating cover on the methacrylate box if
necessary.
3. Position the device so that the active electrode is always visible, as well as orientate it so that the area where
the plasma is most immediately generated is in front of the observer; this is, in the case of Type D devices,
around the face of the active electrode that is closest to the ground electrode, from a plan view, indicated in
green in Fig. 3.1.
4. Ensure that the field of vision has access to a perspective of the profile of the device in the thickness direction,
so that the start of the generated discharges can be appreciated more easily, when these are not of great intensity.
Especially in less translucent devices, where it is more complicated to perceive said point of ignition of the
plasma.
5. One must ensure the stability of all the elements involved in each experiment, both to ensure the general safety
of the experiments, and to ensure that the spectroscopy is done correctly.
Different insulating support structures have been used (not designed for this purpose but that already existed
previously in the laboratory for uses unrelated to this application), to facilitate locating the device in the way that
best suited each occasion based on these conditions and of the geometry of each device, as can be seen inside the
methacrylate box.
Regarding the emission optical spectroscopy carried out in some of the experiments that have been carried out,
this test was developed with a Jobin-Yvon FHR640 monochromator2. Respect to the resolution of the measures
saved, the spectroscopy was carried out at three different levels of resolution, whose results and argumentation
are reflected in Section 4.2. The degree of precision of measurement of the spectroscopy depends mainly on the
configuration of these parameters, as well as on the calibration of the equipment; as well as it is recommended to do
a background spectroscopy to ensure that the only thing that is captured is noise or identify possible elements that
are foreign to the plasma that will later be measured –see Fig. 3.12–. For measures referred to quartz-device number
3 and lithium-niobate-device number 16 was used a diffraction network centered at 330nm and with a density of
lines in the network of 1201lines/mm. The opening/gap of the entrance and exit slits was 1mm; the resolution of
the monochromator (step value, i.e., how much interval in wavelength a point is referred to) was 0.5nm and the
integration time was 0.5 s. For spectroscopy of lithium-niobate-device number 19 to measure the general spectra,
the values were:
• Slit in, slit out: 1 mm
• Step: 0.5 nm
• Integration time: 0.5 s
2 A monochromator is an optical device that transmits a mechanically selectable narrow band of wavelengths of light or other
radiation chosen from a wider range of wavelengths available at the input.
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and finally, with high-resolution for the 360-390λ interval (to have accurately values for calculating vibrational
temperature), for the five measures of device 19 depending of voltage those parameters were:
• Slit in, slit out: 0.5 mm
• Step: 0.2 nm
• Integration time: 0.5 s
To perform the spectroscopic measurements, the different devices were placed inside a dark chamber, for this
purpose it was ensured that the methacrylate box in which the experiments were developed was completely covered
with opaque material. In this way it is ensured that the optical measurements of the discharge were not disturbed
by external signals. It was made use of a fiber optic cable connected to the monochromator specified above; The
monochromator is responsible for digitizing the signals collected with the fiber. Subsequently, using the OriginPro
software, the spectroscopic graphics were represented.
figure 3.12 Background spectroscopy..
4 Analysis of the results
The oscilloscope provides two output files that contain, respectively, the discretization of the Voltage V (t) and
Current I(t) signals at the point of choice, for as many periods as indicated on the screen at the time of saving
the data. From these data, Matlab has been used to convert them to international system measurement units, treat
them and obtain other significant electrical magnitudes for the experiment, and finally the output files of said data
processing have been open with OriginPro, a computer program for interactive scientific graphing and data analysis
produced by OriginLab Corporation, through which to build the different graphs that are shown in the document.
In this chapter, the results and conclusions of the electrical and spectroscopic characterization are presented,
respectively in Section 4.1 and 4.2 –it is remembered that Table 3.1 contains an index of experiments classified by
phase of study, with the main characteristics of the devices–. Finally, in Section 4.3, some things to keep in mind
about the materials during the experiments was collected.
Reminding that for electrical analysis the measures were saved at appreciable ignition point of plasma for each
selected frequency (from 1 kHz to 15 kHz). Even though an exhaustive comparative analysis of all the experiments
has been carried out, in the report will show only a representative sample of them, to avoid an extremely long report.
These results will be exposed differentiating by operational parameter.
In reference to the spectroscopic analysis, the obtained results will be exposed in the Section 4.2. These data,
unlike the electrical analysis, do not necessarily had to be recorded at the point of ignition of the plasma, but at a
level in which sufficient luminosity is guaranteed so that the spectroscopy can be successfully developed.
All the measures have been saved averaged and without averaging; however, for the data processing, averaged
outputs have been used whenever possible. Likewise, a smoothing of said outputs has been used (through the function
of matlab smooth()). It is recommended to see the content of Fig. 4.1 and 4.2.
It is recalled that the fact of using alternating current (AC) allows to work continuously charging and discharging
the dielectric successively. According to [125], the discharge current is composed by the displacement current and
conduction current, where the magnitude of the latter is smaller than that of the former in the test. Meanwhile,
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figure 4.1 Some aspects about comparison between Voltage and Current signals I.
Comparison of measures smoothed, averaged and without averaging. As the frequency increases, the differences
decrease; but always differences are more significant for the current signal than for the voltage signal.
Table 3.1 contains an index of experiments. .
figure 4.2 Some aspects about comparison between Voltage and Current signals I.
Offset between V (t) and I(t), and variation by frequency increase.
Table 3.1 contains an index of experiments. .
intensity of the discharge is stronger during the positive half-cycle. The current leads the voltage by 90, performing a
typical characteristic of the capacitive discharge.
During these experiments, the current signal does not suffer large deformations due to the characteristics of the
dielectric, obtaining a more homogeneous discharge than in another bibliography –see Fig. 4.3.a–, being in our case
the filaments of the current signal very small. Likewise, in these experiments there is no noise in the signal either.
However, it was appreciated that the greater the efficiency of the device, the faster its shape varies, tending to get
square-form. This was most noticeable especially when the experiments were carried out under reduced pressure on
the multi-band configuration on lithium niobate (device 19, Experiment 21). It is recommended to see Fig. 4.3.b to
verify this affirmation.
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(a) Typical waveforms of discharge voltage and current. Source of the
image: [125]..
(b) Comparison of deformation of Current signal by generation of
plasma in different experiments..
figure 4.3 Informtation about deformation of the Current signal.
Table 3.1 contains an index of the experiments carried out..
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4.1 Electrical analysis results
First of all, there is a section that includes a summary of the events that took place during the testing of the different
devices –Section 4.1–; and after that, the results of the analysis of the obtained data can be found in the Section 4.1.
Have been analyzed the following parameters/representations –they are duly explained in Section 2.3–:
• Lissajous curves1 depending on the frequency f of the signal. This includes the representation of Current
I(t) versus Voltage V (t), but the representation of Charge Q(t)2 versus Voltage V (t) can also be included in
this category of Lissajous figures, which provides Averaged Power P data directly due to the relation respect
to its enclosed area –see equation 2.21–.
• Representation of significant values as (Vpp, Ipp,Vrms, Irms, P,Q0 , Zreal , Zimag, cos φ , φ ) have been analyzed
for each experiment, to obtain results in function of operational parameters as frequency, pressure and electrode
geometrical configuration, and by dielectric material.
At the end of the chapter, in Section 4.1 there is a summary table with the main results, included in Table 4.2.
4.1.1 Comments about the experiments
1. PHASE 1: BASIC FUNCTIONAL STUDY OF DBD ACTUATOR
In this phase, how to get an increase of the surface covered by generated plasma was studied. To study this
purpose, the following sequence of experiments was followed:
• Experiment 1, Type A Configuration in Quartz: This first experiment was carried out to verify, with
a basic configuration of electrodes, whether the plasma could be ignited around the active electrode and
that it follow the evolution tendencies with the frequency predicted by the literature and experience of
the consulted researchers. The result was satisfactory, with which, the following experiments 2, 3 and 4
are focused on achieving maximize the plasma surface with the most optimal configuration from an
energy point of view.
• Experiment 2, Type BConfiguration onQuartz: In this second experiment, an electrode structure was
built on the face where the high-voltage connection was located, leaving free channels on the substrate
that extended parallel to the axial axis of the electrodes, in order to see if the generated plasma was
achieved it would spread filling the surface of such spaces. For safety, a configuration of three electrodes
on the upper layer was first tested, the two exteriors being active and the interior being connected to
ground.
The experiment suffered no mishap except a short circuit while the first measurement was made at 1 kHz
and that did not cause damage to the device; and that was not considered caused by the configuration itself,
1 The fact that in these representations several overlapping lines could be seen for each Lissajous figure associated with each
frequency, responds to the fact that more than one period of the signal has been taken.
2 From now on, for simplicity, I am going to use the general term electric charge, Q(t), but it must not be forgotten that it is
really accumulated charge and, in particular, a cumulative centered charge, whose formulas can be consulted in Section 2.3.
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in fact after turning off the power and restart the experiment again, no other problem occurred. However,
with respect to the objective pursued: the “bridges” were not filled with plasma at the breakdown or by
slightly increasing the intensity, but again concentrated around the activated electrodes and extended
outwards a length of order of the millimeter as much (similar to experiment 1). In consequence, the
electrodes had to be approached as well as to activate all of the upper face.
• Experiment 3, Type C Configuration on Quartz: Due to the fact that no electric arcs between elec-
trodes were produced in the previous experiment, the originally desired structure was developed, in
which bands of active electrodes were repeated parallel to each others, giving rise to configuration C.
The configuration C is the same as Type B, but in this case the three electrodes of the upper face are
active. The objective is the same as Experiment 2, but trying to see if the fact that there are three active
electrodes does not cause incidents, besides seeing if it maximizes the sought effect of plasma "bridges".
Regarding the objective pursued, the experiment was developed without incident, however it was not
possible to fill the free areas between active electrodes in an appreciable way. It was only perceived that
the ignition was more uniform along the perimeter of the active electrodes than in Experiment 2.
• Experiment 4, Type A Configuration on lithium niobate: After Experiment 3, it was concluded that
it was necessary to bring the electrode bands closer together in order to obtain a surface covered with
plasma, so the next line of research would be to study the influence of the spacing between active
electrode and encapsulated electrode (Phase 2), the gap. However, to complete the information extracted
from this phase, it was decided to study the Type A configuration in a different material, in this case, in
lithium niobate.
Summing up, regarding the learning obtained in this phase in relation to the behavior of the different devices
tested, the one of Experiment 4 was analogous to Experiment 1; with the exception that lithium niobate has
much higher efficiency values generating plasma significantly reducing the value of the ignition voltage. So, it
is necessary to bring the electrode bands closer together in order to try to obtain a bigger surface covered with
plasma, because the experiments of this phase were not significant for the rank of values of tension in which
it was tested. This fact led to the development of Phase 2 focused on the study of the influence of the gap
between the active electrode and the ground electrode in the generation of plasma.
2. PHASE 2: INFLUENCE OF DIMENSION OF GAP
In this phase has been study the influence of the spacing between active electrode and encapsulated electrode,
that is, the gap. To test this, reactors that have been energized they share the same configuration regarding:
shape, number and function of the electrodes used, composed of an active electrode with a narrow band
on the upper face and another with the same characteristics on the lower face but in this case connected to
ground, Type D, both developed with adhesive copper films superimposed on the surface of the substrate. This
configuration of electrodes has been mounted on 3 different types of substrates, thus having 3 different device
species, to which the size of the gap between both electrodes has been varied; for each device, 4 measurements
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(a) Device 1..
(b) Device 1: zoom..
(c) Device 3..
figure 4.4 Real pictures of plasma generated in experiments of Phase 1.
Table 3.1 contains an index of experiments.
NOTE: The level of plasma’s light intensity of the photo does not have to correspond to the breakdown values.
In b) and c), as can be seen, the images are repeated, in the case of those on the right they are digitally manipulated
with a different color balance, to ensure that the printing of the document allows observing the discharges..
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have been made according to the gap: 5 mm, 2.5 mm, 1 mm and canceling the gap. The substrates used were:
quartz (SiO2), alumina (Al2O3) and lithium niobate (LiNbO3).
The experiments that are framed in this phase are from number 5 to 16, both included; all of them with Type
D configuration for 3 different dielectric substrates and 4 different gaps.
During he experimentation with a 5 mm gap there was not achieved generation of plasma for an ignition
value not exceeding 12.5 kHz for quartz or alumina, considered too high from a consumption point of view;
therefore, tests were made for gaps of 2.5 mm, 1 mm and 0 mm, to which the response of the devices was
more tolerant as this value decreased, as well as for the case of lithium niobate substrates.
figure 4.5 Real pictures of the plasma generated during the test with airflow applied to Device 16, in Phase 2. Type D,
lithium niobate with 0 mm of gap.
Table 3.1 contains an index of experiments.
NOTE: The level of plasma’s light intensity of the photo does not have to correspond to the breakdown values. .
3. PHASE 3: ACTIVE MULTI-ELECTRODE CONFIGURATIONS
Phase 3 is presented as an evolution of phase 2. In it, active multi-electrode configurations are studied, as
a result of a series of D configurations adjacent to each other, that is, alternating conductive and insulating
bands. Devices 17, 18 and 19 were built; being the first two test models of the concept developed in 19, which
will present the results below. Regarding experiment 17, the plasma was unfortunately generated around the
ground electrode, so it was decided to develop a band structure also on the face of the "encapsulated electrode",
giving rise to device 18. In this case, it was generated Plasma around the perimeter of both faces of electrodes,
but as the free surfaces between the bands could not be covered with plasma, so the electrical characterization
was not saved again and it was decided to develop the definitive structure with a band width of 1 mm, this
being device 19, mounted on a disc of lithium niobate, since it has been the material that has presented the
best efficiency. It was appreciated that the space between the strips, all of them of 1 mm of width, was covered
with plasma for both sides of the disc.
Regarding the results achieved with the device 19, these follow the same tendencies than the previous phases,
with the lower ignition voltages. In addition it was appreciated that the space between the strips, all of them of
1 mm of width, was covered with plasma. The images of some of the experiments cited can be watched below
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in figure 4.6.
Summarizing, for this phase of experimentation with a 5 mm gap, there was not achieved generation of plasma
for an ignition value not exceeding 12.5 kHz for quartz or alumina, considered too high from a consumption
point of view; therefore, tests were made for gaps of 2.5 mm, 1 mm and 0 mm, to which the response of the
devices was more tolerant as this value decreased, as well as for the case of lithium niobate substrates.3
In summary, the repetitive band structures of Phase 3 were carried out, reaching for the experiment 19 (on
lithium niobate) successful results in terms of covering the spaces between electrode bands with plasma, as
well as plasma appeared around both active electrodes and ground electrodes.
4. PHASE 4: EXPERIMENTATION IN AIRFLOW AND AT REDUCED PRESSURE
In this phase, two experiments were carried out. First, experiment 20, the DBD plasma actuator has been
faced with a surface current of air with the plasma already generated, to test what effect the current has on the
covered plasma surface as to whether the flow displaces or extends it, as well as to observe the variation in its
direction that the current experiences as a result of the effect of the plasma exerts on it. However, it was not
possible for a naked eye to perceive the effect of the current on the generated plasma.
Respect to experiment 21, correspond to device used in experiment 19 but being tested at reduced pressure
inside a specific reactor, always in atmosphere in calm. It was taken for measures: at 988 mbar (corresponding
to the pressure in the laboratory4, in order to compare this result with the result obtained in experiment 19), at
667 mbar(corresponding to 11000 ft approximately), at 301 mbar (corresponding to 30000 ft approximately)
and 20 mbar. All of the measures were saved at 5 kHz of frequency because it correspond to optimum frequency,
as it can be read in the next section. and as always, at the breakdown voltage. Respect to perceive the breakdown
point, it was more difficult due to the device had to be observed through the window of the reactor.
For the development of these experiments it was necessary to take special care in opening the air inlet valve
between experiments, to clean the atmosphere in which they were carried out, and thus avoid an atmosphere
enriched in ozone.
Indeed, the results were as expected, the decrease in pressure reduces the ignition voltage considerably, since
it favors the ionization of the gas. In addition, the laboratory pressure results were practically identical to those
obtained during the experiment 19. Again, it was appreciated that the space between the strips, all of them of 1
mm of width, was covered with plasma for both sides. So, summing up, in Phase 4, after not being able to
appreciate with the naked eye the displacement of the plasma with the passage of the current, as well as the
impossibility of developing experiments with smoke chamber that showed the deformation of the current lines
of the incident flow emitted by a fan, no more information regarding that experiment is included.
3 In the case of alumina, problems happened in achieving ignition at a 2.5 mm gap, because the breakdown value exceeded 14 kV
peak-peak at 1 kHz frequency, too high for our criteria, and it was decided to abandon this experiment, the number 9.
4 Possible discrepancies justified by the calibration of the high pressure meter.
4.1 Electrical analysis results 79
(a) Plasma generated around ground electrode in device 16..
(b) Plasma appear around active and ground electrodes..
(c) Zoom of Device 19..
figure 4.6 Real pictures of plasma generated with devices of Phase 3.
Table 3.1 contains an index of experiments.
NOTE: The level of plasma’s light intensity of the photo does not have to correspond to the breakdown values. .
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4.1.2 Results
Next, in the following sections, the behavior patterns that are extracted from analyzing all the operating parameters
found in Table 4.1 are exposed. It has been discovered that there is an optimum frequency around 5 kHz, for
which the accumulated charge is maximum, and that can be inferred from the electrical behavior of the devices
for each parameter studied.
Table 4.1 A. Operational parameters analyzed with the electric analysis.
Parameters
Frequency V Power factor PF
Voltage V Phase difference φ
Current I Gap g
Accumulated charge Qc Dielectric material -
Consumed power P Number of electrodes -
Effective capacitance C Pressure p
Impedance Z
A. Behavior of Voltage and Current with frequency
Ignition voltage5 decreases when frequency of the signal that is applied to the experiment increases. The decrease is
more pronounced between low frequencies and ends up drastically decreasing its slope around 5 kHz for all the
cases studied, reaching a zone of apparent stabilization.
Voltage and current have a proportional behavior. The ignition current increases when frequency of the signal that
is applied to the experiment increases. The increase more pronounced between low frequencies and ends up slightly
decreasing its slope around 5 kHz. It must be remembered that the electric current value shown corresponds to a
total value and not a real value; since, as we saw in the theory of Chapter 2, electric current has two components, a
conductive due to the movement of electrons (known as real) and another of displacement ∂E/∂ t due to polarization.
The lithium niobate presents a much more efficient behavior from the point of view of the voltage consumed at the
time of ignition. However, the generated plasma is located around the same current values for the three dielectrics
studied.
That is, voltage and current increase with frequency until reaching a saturation value, and around 5 kHz its
variation slope changes. These trends occur independent of the type of device. Below, in Fig. 4.7- 4.9, are figures
that corroborate this conclusion for phase 1 –showing the peak-to-peak values of both parameters– 0mm-of-gap
5 The measurement of the signals tends to be more stable as the frequency of the experiments increases, since the appreciable
breakdown point appears more intense and abrupt.
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differentiating by material, and lithium niobate differentiating by gap, respectively.
figure 4.7 Voltage and Current results: example with Phase 1 outputs.
Table 3.1 contains an index of experiments..
figure 4.8 Voltage and Current results: example with Phase 2 outputs for 0 mm of gap, differentiating by material:
quartz, alumina and lithium niobate.
Table 3.1 contains an index of experiments..
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figure 4.9 Voltage and Current results: example with Phase 2 outputs for lithium niobate.
Table 3.1 contains an index of experiments..
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B. Lissajous figures. Behaviour of Accumulated charge and Capacitance with frequency
The shape of the Lissajous figures varies with frequency in a pattern that is repeated throughout the rest of the
experiments; in general, they have an elliptical appearance. For representations of I(t) vs. V (t), the shape of the
figure is more flattened in the direction of the current and more elongated along the horizontal axis representing
the voltage for low frequency values, which is equivalent to higher ignition voltages and low currents, and this
appearance is gradually reversed as the frequency increases, becoming more energy efficient as the current through
the device grows and the ignition voltage decreases.
Regarding the representation of Q(t) vs. V (t), although the shape of the figure is still approximately elliptical, the
evolution with the frequency is different from the previous representation due to the fact that the accumulated load
decreases as frequency increases, thus also corroborating an efficient growth in the performance of the device, which
means that the area enclosed by these figures –and equivalent to, being multiplied by frequency, the average power
P– grows with frequency increase. Also, as a consequence of the behavior of the electric current, it is noticeable that
as the frequency increases, the maximum accumulated electric charge points are not presented for the maximum
voltage amplitude of said signal.
The variations between the different figures with the frequency is more prominent for low frequencies, while
it tends to adopt a more similar behavior starting from, approximately, 5 kHz. And respect to the zero-charge6,
it has a trend of increasing-decreasing when frequency increases, and the turning point (a maximum) is located
around 5 kHz for all the cases. So, it is clear that said frequency is the optimum frequency from a point of view of
energy consumption because the accumulated charge in the device is maximum when there is no applied voltage, on
this way less voltage is needed to generate plasma. To illustrate these comments, Fig. 4.10 shows a representative
selection of Lissajous figures that have been built from the electrical signals saved from the experiment. The trend of
zero-charge, Q0 can be also checked in Fig. 4.11-4.12.
This fact is significant since the accumulated charge is the factor that decreases the ignition voltage. In this
way, although the ferroelectrics have a dielectric constant that varies with the voltage-dependent ε(V ) (which leads
therefore to a capacitance also dependent on the voltageC(V )), it takes place a maximum charge capacity reached
with this optimum frequency, around 5 kHz –see equation 4.1–. The devices have a maximum value of accumulated
charge when the device is off (called zero charge Q0), that is, they present a maximum capacitance at the optimum
frequency value, and in consequence they need less voltage to generate plasma when the discharge cycle starts again.
C =
Q
V
; C = ε0εr
S
d
(4.1)
whereC is capacitance, Q is electric charge, V is voltage, ε0 is the vacuum dielectric constant, εr is the dielectric
constant, d is the thickness of the dielectric and S is the dielectric surface/area.
6 Referred to zero-accumulated charge, charge when voltage is null.
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figure 4.10 Lissajous figures. Representative results. Experiments 8 and 10 for all the frequencies tested.
The figures of Lissajous are collected for a range of frequencies f of 1 to 15 kHz. The representation of Charge
Q(t) vs. Voltage V (t) has vital importance since its enclosed area offers directly the value of the Average Power P
of the period for each frequency if this area is multiplied by frequency.
Table 3.1 contains an index of experiments..
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figure 4.11 Zero Charge results: Phase 1 sample.
Table 3.1 contains an index of experiments..
figure 4.12 Zero Charge results: Examples of Phase 2 results –0 mm-gap sample in function of dielectric and lithium
niobate sample in function of gap.
Table 3.1 contains an index of experiments..
86 Chapter 4. Analysis of the results
C. Behavior of Impedance and Consumed Power with frequency
The devices act as capacitors, in this way it has already been said that there are two types of current, one due to
the polarization of the dielectric and another corresponding to the current of electrons in the circuit. Consumed
power is presented as a monotonically increasing parameter with the increase in frequency, and responds to the
fact that, like the current values shown, it represents the total power that passes through the circuit, not to the real
component (IR 2), since this total consumed power contains the sum of both components. That is to say, the part of
power associated to the displacement current due to polarization (∂E/∂ t) –and not to the electrons– that travel the
circuit is the responsible for this result, since it is translated in terms of power as reactive power.
It can also be verified how correct experimental results have been obtained since the power extracted from the
area enclosed in the Lissajous figures coincides practically in full for all the experiments developed with the integral
way to obtain the power.
Both aspects can be checked in Fig. 4.13 and 4.14. Obviously, although the trends are repeated for all the
experiments, the values are different according to the experiment, the lower the dielectric constant, the higher the
power consumption, as well as the power consumed the lower the gap for the same material –see Fig. 4.14–.
figure 4.13 Consumed power: Integral process vs. Lissajous figure’s area enclosed multiplied by frequency. Phase 1.
Table 3.1 contains an index of experiments..
The behaviors with the frequency of the voltage, current and power studied do not allow to see so clearly the
existence of an optimal operating point in terms of the frequency of ignition, in comparison to other study parameters.
However, the behavior of the impedance makes it possible to know the existence of an optimum frequency value
according to the evolution of its real and imaginary components with frequency, that in this occasion they can be
studied individually, and reflect the behaviour of the components of the current. While the real component of the
impedance remains practically stable regardless of the frequency value, the imaginary component that has a high
value at low frequencies decreases sharply (with a high value of the slope for the lower frequencies), until both
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figure 4.14 Consumed power: Integral process vs. Lissajous figure’s area enclosed multiplied by frequency. Some
examples of Phase 2.
Table 3.1 contains an index of experiments..
impedance components of the impedance are crossed around 5 kHz of frequency, the optimum frequency. From
this point on, the real component has a higher value than the imaginary one, and the variation of both is practically
zero during the rest of the tested frequency range up to 15 kHz. This fact tells about an increase in the efficiency of
the device in generating plasma from a certain frequency value. See Fig. 4.15 and 4.16, for results of Phase 1 and
0mm-gap-devices of Phase 2 respectively, to check this affirmation in a representative sample of the experiments.
From an energy efficiency point of view, this event is tremendously positive, since from the optimum frequency, the
device works mainly with real and not imaginary impedance.
Regarding the power factor, it is as representative as the impedance, since they come from the same, it simply
constitutes a different way of showing the results. That is why it has finally been decided to include a single example
of representation, contained in Fig. 4.15. it increases progressively but it has a slope change around 5 kHz, from
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which its growth begins to approximate towards a horizontal asymptote. The closer that value is to the unit, the more
efficient the device will be, because it implies that the number of watts of consumed power is the same as the number
of volt-amperes consumed –that is, a unit value for the power factor is equivalent to a percentage of 100% in which
there are no energy losses–.
At 5 kHz, there is an inflection point where also the "crossing" occurs with the representation of the phase shift,
which decreases with frequency increase, change its slope at 5kHz, and logically to become practically zero for
frequencies around 15 kHz.
figure 4.15 Impedance and Power factor results: Phase 1 sample.
Table 3.1 contains an index of experiments..
figure 4.16 Impedance results: Phase 2 sample on 0mm-gap-devices.
Table 3.1 contains an index of experiments..
4.1 Electrical analysis results 89
D. Influence of Gap
Gap significantly affects the ignition values, being the experiments developed at null gap those of greater electrical
efficiency. This tendency is reflected in all the data analyzed, breakdown voltage sharply decreases as gap decrease –
see Fig. 4.17 representing this influence at optimum frequency sample–. So, a decrease of gap favors more capacitance
for the device, because capacitance is obtained as indicated by expression 4.1.
Likewise, it has not been successful for the conditions of the study to generate plasma surface greater than
approximately one millimeter.
figure 4.17 Influence of gap in the ignition voltage.Example at optimum frequency of 5 kHz..
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E. Behaviour of Single DBD vs. Multi DBD
To analyze this purpose, the data from Multi-band Experiment 19 (Phase 3) and from Single-band Experiment
16 (Phase 2) have been studied; both have been built on lithium niobate and with a gap of 0 mm between its
corresponding pair active-ground electrodes. The electrodes have different width and length in these two devices, so
the conclusions drawn have to be qualitative, especially in the case of the consumed power. In Fig. 4.18 it can be
checked how similar values of current are obtained at the ignition point of plasma but at much lower voltage in the
case of the single-band configuration. Also, since 5 kHz, the the single-band device generates a higher amount of
current of the plasma ignited when frequency increases comparing to the multi-band device.
Also, the single band device consumes more power, but one has to consider the dimensions are different and
larger than multi-band electrodes –see Fig. 4.18–.
figure 4.18 Comparison between single and multi DBD device (Devices 16 and 19): Voltage, Current and Consumed
Power. Both in lithium niobate and 0 mm of gap.
Table 3.1 contains an index of experiments .
An estimation of the capacitance of the dielectric used in the device can be made from the Lissajous Figure Q
vs. V applying the expression 4.1, understanding that capacitance is the slope of the curve at each point. That is, to
obtain a value that gives us a qualitative idea (effective capacitance) on the behavior of its capacitance. 4.2–.
Ce f f =
Q0
V0
≈ Q0
Vignition,pp
(4.2)
whereCe f f is an effective capacitance, Q0 is charge when the voltage is null, V0 is voltage when charge is null, and
Vignition is in this case the break-down or ignition voltage referred during the document, that is, the appreciable
voltage by naked eye in lab conditions that ignites the plasma.
Consequently, observing Fig. 4.19 and 4.20, respectively contain Lissajous figures and a representation of
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capacitance, it is verified that there is an optimum point of charge (and therefore capacitance) when the frequency is
5 kHz. Likewise, the maximum accumulated charge value in the device is a little higher for the multi-band device
until reaching the optimum frequency point, from which the trend changes since the charge fall for it is harder than
the single-band. As expected, given the difference in ignition voltage between both configurations, the capacitance is
greater for the multi-band device.
figure 4.19 Comparison between single and multi DBD device (Devices 16 and 19): Accumulated Charge Both in
lithium niobate and 0 mm of gap.
Table 3.1 contains an index of experiments. .
figure 4.20 Comparison between single and multi DBD device (Devices 16 and 19): Capacitance. Both in lithium
niobate and 0 mm of gap.
Capacitance is calculated dividing accumulated charge by amplitude voltage (not peak-to-peak voltage).
Table 3.1 contains an index of experiments. .
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F. Influence of Pressure
figure 4.21 Phase 4, Experiment 21 at reduced pressure: Lissajous Figures. Device 19 on lithium niobate and multi-band
configuration with 0 mm of gap.
Table 3.1 contains an index of experiments. .
Reducing the pressure favors the ionization process –see Fig. 4.21 and 4.23, all of them measured at the optimum
frequency of 5 kHz–. It was found that a reduction in pressure facilitates the generation of plasma, notably decreasing
the ignition voltage, as well as, consequently, the impedance and power consumed by the experiment; which would
favor the use of these devices in flight.
Respect to the impedance, given that the data has been saved at 5 kHz (the value around which the optimum
frequency is) in this zone the crossing between the imaginary and real components takes place, so that in Fig. 4.22
one can check the closeness between these two components for all measurements compared to the usual impedance
values.
figure 4.22 Phase 4, Experiment 21 at reduced pressure: Impedance components. Device 19 on lithium niobate and
multi-band configuration with 0 mm of gap.
Table 3.1 contains an index of experiments. .
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figure 4.23 Phase 4, Experiment 21 at reduced pressure: Power and Zero Charge. Device 19 on lithium niobate and
multi-band configuration with 0 mm of gap.
Table 3.1 contains an index of experiments. .
G. Influence of dielectric
Regarding the dielectric, lithium niobate represents the most efficient alternative for the development of the actuator,
since from an electrical perspective, it allows to obtain higher values of current at ignition voltages much lower than
the rest of the materials with which it has been experimented, so, even the current generated is in a range similar
than others, the breakdown voltage associated is considerably lower. Related to alumina and quartz, quartz is the one
that shows the greatest resistance to current flow.
This fact is directly related to the value of the dielectric constant of the material, since in the case of the ferroelectric
such as lithium niobate, it increases by two orders of magnitude with respect quartz or alumina –see Table 2.1–;
and in elements such as these devices where the capacitive effect (capacitor) is very important, this property has a
great influence. The greater the dielectric constant, the greater the accumulated charge in the material, and therefore
the greater the current flowing through it. The fact that a material increases a large amount of charge due to a high
dielectric constant is reflected in that it needs much less amount of voltage for a second ignition, as can be verified
for the results of the niobate throughout all the experiments made during this work. In addition, ferroelectric is a
material with a polar structure whose polarity can be reversed (switched) by applying an electric field, and this also
intensifies the previous effect. 7.
To illustrate this example graphically, beyond being able to be verified in all the results that appear in this chapter,
7 The ferroelectric phenomenon appears in certain dielectric materials and consists in the retention of the polarization induced by
an external electric field, once it has disappeared. In ferroelectrics, polarization is not a linear function of the field, since neither
is the dielectric constant.
For more information, go to Section 2.2.
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a type of specific graphs have been developed in which the value of the capacitance of the device is shown. This
decision has been made because, although the ignition voltages are much lower for the lithium niobate compared
with quartz or alumina, the current ranges are similar. So, Fig. 4.24 shows that the capacitance is much higher in
lithium niobate devices due to its high dielectric constant in comparison with the others.
figure 4.24 Comparison by material, 0 mm of gap (Phase 4: Experiments 14,15 and 16): Charge and Capacitante.
Capacitance is calculated dividing accumulated charge by amplitude voltage (not peak-to-peak voltage)..
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Main electrical results: summary
Table 4.2 Summary of main Electrical results..
MAIN RESULTS OF ELECTRICAL ANALYSIS
Measures saved at appreciable ignition point of plasma.
Existence of an optimum frequency around 5 kHz.
Parameter Behavior with frequency Page
Voltage (V) Voltage decreases with frequency increase to a saturation value,
with a change in its slope at the optimum frequency.
80
Current (I) Current increases with frequency increase to a saturation value,
with a change in its slope at the optimum frequency. One can not
see a maximum in the current representation with the optimal
frequency because it has been analyzed a global value that does
not differentiate between its real and displacement components.
80
Accumulated
Charge (Q)
There is a maximum value of accumulated charge in the device at
the optimum frequency. Zero-charge (Q0 = Q(V = 0) within the
cycle of the discharge) is a significant parameter.
83
Capacitance (C) In consequence, capacitance also has a maximum with optimal
frequency, even for ferroelectrics, which have a voltage-dependent
dielectric constant, and in consequence a voltage-dependent capa-
citance.
83
Impedance (Z) The imaginary component of the impedance decreases with the
frequency increase and from the optimum point of frequency it be-
comes smaller than the real component, which remains practically
constant with the frequency.
86
Power factor (PF) The imaginary component of the impedance decreases with the
frequency increase and from the optimum point of frequency it be-
comes smaller than the real component, which remains practically
constant with the frequency.
86
Power (P) The power presents a monotonous growth with the frequency, but
it has to be taken into account that, as with the current, a value of
the real component is not reflected, but global.
86
Influence of Gap
(g)
The decrease in gap favors a lower ignition voltage. No ignitions
were achieved at gap = 5 mm in a range of Vpp applied less than
12.5 kV.
89
Influence of Pres-
sure (p)
The decrease in pressure favors ionization, and therefore the igni-
tion voltage decreases considerably.
90
Influence of num-
ber of electrode
bands
The multiband device requires lower ignition voltage. Both devices
generate similar current values up to the optimum frequency value.
92
Influence of dielec-
tric
The greater the dielectric constant, the lower the ignition voltage
is required. Lithium niobate presents the best capacitance results.
93
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4.2 Spectroscopic analysis results
As for why optical emission spectroscopy (OES) is useful, as we have already read in Section 2.3 it allows to directly
obtain the composition of the plasma from its “bands or lines” of intensity. In addition, if more exhaustive analyzes
are applied, as mentioned, it offers information about the excitation or ionization processes and plasma temperatures.
Thus, depending on the type or value of temperature that is established, different properties of the plasma can be
characterized.
The objective of this spectroscopic analysis is not to develop a complete study of the field, but to demonstrate the
existence of active species, generated by the plasma, in the air surrounding the device; allowing thus to develop a
deeper characterization of the generated plasma; as long as air plasma has been generated, and therefore it must be
obtained nitrogen spectra, because N2 species are, mostly, easy to excite.
Each device generates a different plasma that can be characterized with spectroscopy. At atmospheric pressure, in
a dark ambient and at a plasma intensity level considered high enough for the fiber make a correct measurement,
spectroscopic measurements were taken of the emission spectra of devices number 3, 16, and 19. In the case of
Experiment 3, measurements were taken at 7, 8, 9 and 10 kHz; in the case of Experiment 16 the measurement took
place at 15 kHz frequency; and for the last case spectroscopy was carried out at five different voltages for the same
frequency, the optimum frequency (5 kHz).
In the optical emission spectrum, the band heads associated with the element constituting the plasma are to be
observed8.
4.2.1 Results
At the end of the spectroscopic analysis, Section 4.2 contains the Table 4.4 with the main results obtained.
As a representative sample, is included in Fig. 4.25 the optical emission spectrum9 of the plasma generated with
device 19, indicating in it the corresponding assignment to each nitrogen’s vibrational transition10. In this figure,
there is the spectra corresponding to device 19 at optimum frequency. The vibrational quantum numbers ν ′−ν ′′ of
each transition are indicated above the band head. Under the spectrum is the diagram of the transitions observed in it
between the vibrational levels of N2.
8 What is really observed is the envelope of a considerable number of bands of smaller size representing both the vertical and
rotational displacements of the electrons, because both (and especially the latter, the rotational ones) are very complicated to
observe with greater degree of detail with a usual monochromator. To get an idea, we would have to have a monochromator of
measurement characteristic of around a minimum of two meters, to obtain a resolution at that level with respect to rotational
vibrations. This is why we usually work with band heads.
9 To know the resolution data of measuring of each spectroscopy showed in this section, it is recommended to go to page 69.
10It is important to say that the values contained in the tables included in Fig. 2.19 correspond to the equilibrium, so they are only
useful for comparative purposes.
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figure 4.25 Assigned head bands for Nitrogen second positive system states in the plasma’s emission spectrum.
Device 19: lithium niobate, type G.
Table 3.1 contains an index of experiments..
In Fig. 4.26 and 4.27, a study is collected according to the voltage for that same device and optimum frequency
with an increase in resolution of the measure in order to, also, to calculate the vibrational temperature according to
Section 4.2. It has been found that the pattern of placement of the band heads with respect to the wavelength never
varies, since it is characteristic of the element in question, in this case, nitrogen. Likewise, the increase in frequency
or voltage translates into a significant increase in the intensity of emission.
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(a) Device 19. Zoom of b)..
(b) Device 19. 370-390nm..
figure 4.26 Head bands for Nitrogen second positive system states in the plasma’s emission spectrum: Detail in
function of voltage at high-resolution (370-390nm of wavelength).
Device 19: lithium niobate, type G.
Electrical value for saved measures collected in Fig. 4.27.
Table 3.1 contains an index of experiments..
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figure 4.27 Head bands for Nitrogen second positive system states in the plasma’s emission spectrum: Electrical value
for saved measures of Fig. 4.26.
Device 19: lithium niobate, type G.
Table 3.1 contains an index of experiments..
Examples of the influence of frequency that corroborate the previous statement (an increase in frequency results
in an increase in intensity) can be found in Fig. 4.28 developed from measurements taken on device 3 (quartz, type
C) for different values of frequency and voltage.
It is important to know that in this case the experiments were not performed at the same voltage but at a similar
level of brightness that would allow obtaining the spectroscopy correctly. That is why the results must be studied
qualitatively. Because, in addition, this spectroscopic analysis, unlike those contained in Fig. 4.25 and 4.26, in
which the device was only turned on for that purpose, were instead made throughout the electrical characterization
experiment of the device in question, so that the device was on for a considerable time as well as subjected to many
charges and discharges in a short time. The voltage data to which each measurement was saved are included in the
caption of the figure.
Finally, Fig. 4.29, which compares the spectra obtained for different devices (19 and 16) that both use lithium
niobate for the barrier. Regarding the influence of material of the barrier, lithium niobate presents greater intensity
for same values of voltage than quartz, due to it gets more current for same voltage; and in an analogous way, Fig.
4.29 shows the influence of the electrode configuration regarding said reasoning.
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figure 4.28 Head bands for Nitrogen second positive system states in the plasma’s emission spectrum: Detail in
function of frequency at low-resolution.
Device 3: quartz, type C. Table 3.1 contains an index of experiments.
The voltage data to which each measurement was saved are the following: 6.844 kVpp-0.0305App(measured at 10
kHz), 6.91 kVpp-0.02975App (measured at 9 kHz), 8.256 kVpp-0.03372App (measured at 8 kHz) and 8.332
kVpp-0.03186App (measured at 7 kHz)..
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figure 4.29 Head bands for Nitrogen second positive system states in the plasma’s emission spectrum: Comparison
between different electrode configurations, both in lithium niobate.
Device 16 and 19. Table 3.1 contains an index of experiments.
It is important to know that in this case the experiments were not performed at the same current conditions. That is
why the results must be studied qualitatively. .
Vibrational Temperature
According to the study found in the reference [143], under conditions of atmospheric discharge, the temperature
of the gas can be estimated through the rotational temperature of a molecule, because rotational energy levels are
closely spaced (10−3eV ) and they allow quick transfers of energy between two energy modes. This article tells “The
population distribution inthe rotational energy level of N2 is also believed to fit Boltzmann distribution due to the
dense collisions between molecules. [...] By assuming a rotational temperature and considering the dipole radiation
probability and the response function of the monochrometer, one can calculate the profile of a certain emission band.
The actual rotational temperature (Tr) can be determined through comparing the experimental measurement and
theoretical calculation.[...] Here, in surface discharge, the vibrational excitation of nitrofen seems to be the most
important. N2(C3Πu), which is not a metastable state, is generated from the ground-state electron impact excitation
an the cascading effect is not important for the N2(C3Πu) state population. Therefore, the vibrational temperature
can be determined according to the ratio of two lines in the N2(C) second positive system. The spectra lines at
371.1nm and 380.5nm are selected to calculate the vibrational temperature (tV ), as follows in equation 4.3.´´
For this reason a series of spectroscopy was measured with an increase in resolution, to obtain data contained
in Table 4.3 used to build Fig. 4.30. In it, for the case of lithium niobate device 19, it can be verified how, from a
certain voltage, the electronic vibrational temperature associated with the second positive state of the nitrogen states
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remains approximately stable with the voltage growth (although with a slight decrease, which means a decrease in
the movement –energy– of the electrons), which corroborates the conclusions presented in other studies consulted
[0][143].
The consulted bibliography tells us that the rotational temperature is very sensitive to both: applied voltage and
frequency. In addition, some bibliography teaches that the electronic vibrational temperature is independent of the
material used as a barrier[0].
It is important to bear in mind that the calculated temperatures are an effective temperature measurement, with
the aim of qualitative analysis, since the plasma we have is out of equilibrium.
1.1384 · e−0.4952eV/T ′e = I371.1
I380.5
(4.3)
Table 4.3 Vibrational temperature data for air plasma according to [143]. Results extracted from Fig. 4.26, and these data
are represented in Fig. 4.30..
Intensity [CPS] Vibrational temperature [eV]
Voltage [ kV] I371.1nm I380.5nm A=
I371.1
I380.5
T =−0.4952/ln(A/1.1384)
2 372 416 0.89423077 2.05123809
2.5 472 1190 0.39663866 0.469671758
3 920 7204 0.12770683 0.226362469
3.5 3974 23902 0.16626224 0.257405507
4 9614 64096 0.14999376 0.244327796
figure 4.30 Vibrational temperature for nitrogen of a air plasma, at 5 kHz and atmospheric pressure. Generated with
device 19. Data from Table 4.3, including what is Ratio A referred to.
Table 3.1 contains an index of experiments.
.
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Main spectroscopy results: summary
After analyzing the emission bands of the generated surface plasma, one has the main results included in Table 4.4.
Table 4.4 Summary of main spectroscopy results..
MAIN RESULTS OF SPECTROSCOPIC ANALYSIS
The head bands optical spectrum of the nitrogen molecule are per-
fectly identified, corresponding to the vibrational transitions associa-
ted with the first and second positive states –Fig. 4.26–.
Parameter Behavior with intensity Figure
Voltage (V) The increase in voltage translates into a significant increase in the intensity
of emission.
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Frequency (f) The increase in frequency translates into a significant increase in the
intensity of emission.
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Behavior of Vibra-
tional temperatu-
re with voltage
From a certain value of voltage, the electronic vibrational temperature
associated with the second positive state of the nitrogen states remains
approximately stable with the voltage growth,although with a slight de-
crease, which means a decrease in energy of the electron.
102
104 Chapter 4. Analysis of the results
4.3 Things to keep in mind about the materials during the
experiments
During the course of this experimental work have taken place the following facts or appreciations regarding the
materials of discharge barrier, such as wear or degradation and even breakage. It is important to know how the
materials used as a substrate respond, in order to choose the most appropriate material to develop a device to
market, where the operating conditions can be, in addition to prolonged, more extreme than those carried out in this
experimental work . The most notable observations are listed below:
1. It is necessary to be careful with the realization of welds on the copper already adhered to the dielectric discs,
especially for the case of lithium niobate, avoiding in this case if it is possible to carry them out on it. This has
to do with the thermal shock that the material receives, which together with the pressure of the welder, can
cause the material to break, as happened on one occasion with one of the devices on lithium niobate while it
was being manufactured. In addition, in general, special care must be taken in the handling of lithium niobate
discs due to their fragility.
2. The discs do not show a great deal of degradation after the experiments, at least not enough to alter the
results of the experiments excessively. Although we must be aware that we must always try to ensure that the
measurements are taken correctly the first time (for example, avoiding repeating a measurement or having
to discharge the disc to return to a breakdown point that we would not have realized), since the heating of
the disc as well as the accumulation of charge in ferroelectrics would introduce new variables that would not
correspond with the rest of the measurements taken in the rest of the experiments.
3. In order to preserve the subtracts of the devices in the best possible state, the experiments must be carried out
as quickly as possible, although always carrying out the electric charge process in a moderate and controlled
manner. It is as much about avoiding the excessive heating of the disc as of the excessive accumulation of
charge in the case of ferroelectrics, which leads to an affectation in the results introducing other parameters of
influence to the study.
Regarding the electric arcs, only two short circuits were experienced during this work: one of them took place
at the beginning of experiment 2 and it was considered that the reasons had nothing to do with the device
itself, and during the development of the study of the influence of the voltage in the spectroscopy performed
on device 19, which broke during the application of a peak-to-peak voltage of 4.5 kV at 5 kHz of frequency
(twice its breakdown voltage approximately at this frequency), because it had been on for a long time and
probably would have a high value of accumulated charge.
After the mentioned breaks of the lithium niobate discs, they were unusable. Regarding its break during the
spectroscopy experiment, the reasons can be based on the fact that when applying such a high voltage and
due to its crystalline structure, a piezoelectric effect appears. As the frequency increases, this effect becomes
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increasingly greater until the crystals do not support the stresses that are produced and therefore break; said
ruptures may be due to defects of the crystalline network produced during the manufacture of the material.
It was not the object of this study to bring the materials to a limit state.

5 Conclusions
In the present work, consistent with the objectives set out in Section 1.1, a series of flow control devices have
been developed and characterized electrically and spectroscopically, studying the influence of the geometrical
configuration of their electrodes, the dielectric material used as substrate, the pressure and the frequency in the
ignition of superficial plasma generated by Dielectric Barrier Discharge. In Chapter 4, there were exposed the results
of the analyzes carried out, and in Fig. 4.2 and 4.4 respectivelly one can find a summary of the main results. Now, as
conclusion, briefly, the following is expressed:
• About ignition voltage and current
The ignition voltage of this surface plasma decreases with frequency increase to a saturation value.
The current shows a behavior proportional to the voltage, in this case the frequency increases as does the
current to a saturation value.
• Existence of an optimal frequency
There is an optimal point of operation with respect to the frequency, which is around 5 kHz. Operating around
said value, a maximum of accumulated charge (and in capacitance) is obtained in the devices regardless of
the dielectric material used, the air pressure value, or the geometrical configuration of the electrodes. All the
operational parameters studied reflect a turning point in said frequency value, widely discussed in Chapter 4.
Related to the current generated, it was found that as the ignition voltage decreased when frequency increases,
the current at that breakdown point grew, thus achieving more efficient devices. Likewise, logically, the
lithium niobate was the material that offered the most behavior since although the current ranges in which it
is located are similar to the rest of materials, this current was achieved at much lower voltage.
• About influence of pressure
it is demonstrated that the decrease in pressure favors ionization, thus decreasing the ignition voltage values.
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• About geometrical configuration of electrodes
It is verified that decreasing the distance between the active electrode and the ground electrode favors the
ignition, in such a way that it diminishes the necessary voltages. Likewise, the use of multi-band electrode
configurations also increases this advantage.
Different configurations of electrodes have been tried in an attempt to increase the plasma-covered surface,
reaching a maximum around one millimeter wide at the ignition time.
• About dielectric material
The greater the dielectric constant, the lower the ignition voltages despite being around similar values of
generated current, so that the power consumption is lower –this difference in power consumption increases as
the frequency increases–. The best results regarding this definition of energy efficiency have been obtained
for lithium niobate; this is due to the fact that it has more capacity to accumulate electric charge and therefore
requires less voltage to generate the discharge again.
• About spectroscopy:
All the nitrogen emission head bands of the second positive system have been successfully identified, since
there is an air plasma; verifying that the pattern matches for the different operational and geometrical
parameters studied, being independent the pattern with frequency or applied voltage. The intensity of the
emission bands increases with voltage and frequency.
As the applied voltage increases, the vibrational temperature decreases although stabilized around a saturation
value from a certain voltage value.
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A. In relation to Paschen curves
Related to the theory exposed in Subsection “Breakdown voltage and Paschen curves” in Page 22 a similar represen-
tation has been made with data extracted from experiments of Phase 2 on lithium niobate in function of frequency.
The representations, Voltage vs. pg, are included in Fig. 1 and 2.
(a) Phase 2-Lithium niobate for different gaps and frequencies, at atmospheric pressure.
Type D configuration, Experiments 10, 13 and 16..
figure 1 Representations related to Paschen curves I. Examples with lithium niobate.
Table 3.1 contains an index of experiments..
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(a) Figure a) compare to quartz (Exp. 8, 11 and 14) and alumina (Exp. 9, 12 and 15) for
5 kHz..
(b) Comparison between device 19 in function of pressure and frequency (Exp.19 and
21)..
figure 2 Representations related to Paschen curves II. Examples with lithium niobate.
Table 3.1 contains an index of experiments..
B. Other thesis about DBD actuators
Respect to conclusions extracted from works about SDBD actuators (not necessary referred to breakdown values), is
interesting to know that it has been verified the following:
• The power consumption increases with the increasing applied voltage [124] –see Fig. 1–.
(a) Q-V Lissajous Figure.. (b) Power..
figure 1 Power consumption of SDBD actuator with different applied voltage.
Source of the image: [124]..
• The surface temperature of dielectric increases with the increasing applied voltage [124] –see Fig. 2–.
• The induced flow velocity increases and then decreases with the widening gap between two electrodes. With
the increase in voltage, the induced airflow velocity has also an increasing tendency [124] –see Fig. 3 and 4–.
• The SDBD plasma actuator can effectively suppres the flow separation[124] [0] –see Fig. 5 and 6–.
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figure 2 Temperature distribution of dielectric surface with different applied voltages.
Source of the image: [124]..
• With the enlargement of the electrode gap, the discharge voltage increases slightly as a result of the increasing
actuator impedance; while the discharge current increases first and then decreases by the combined effects of
applied voltage and electrode gap [125] –see Fig. 7 and 8–.
• Variation of electric power consumption with the electrode gap shows a similar trend with that of discharge
current. As for a fixed applied voltage, the critical electrode gap corresponding to the maximum power is
slightly larger than that of the maximum current [125] –see Fig. 9–.
• Variations of the velocity of induced flow are in accordance with that of the discharge power. Optimal electrode
gaps corresponding to the maximum induced flow velocity are obtained, related with the different applied
voltage [125].
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(a) Induced flow velocity with the widening gap between two electrodes..
(b) Induced flow velocity with different applied voltages..
figure 3 Induced flow velocity.
Source of the images: [124]..
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figure 4 Smoke visualization of induced flow with different applied voltages.
Source of the image: [124]..
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(a) Schematic of SDBD flow control..
(b) Train head.. (c) Train rear..
figure 5 Smoke visualization of gas flow around the train head/rear (with the SDBD installed) with different applied
voltages.
Source of the images: [124]..
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figure 6 Pictures of the device designed to the demonstration of flow control. In the upper image the discharge is off, and
in the second the plasma the discharge is on. Source of the images: [0]..
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(a) Variations of discharge voltage with time at different electrode gaps..
(b) Peak-peak value of discharge voltage under different conditions.. (c) Variation of discharge voltage with the electrode gap..
figure 7 Discharge voltage with the electrode gap. In the upper image the discharge is off, and in the second the plasma the
discharge is on. Source of the images: [125]..
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figure 8 Variations of the discharge current with the applied voltage under different electrode gaps.
Source of the images: [125]..
figure 9 Variation of discharge power with the electrode gap.
Source of the images: [125]..
C. Possible future line of reserach
Regarding possible lines with which to continue the work developed in this study with interest for aeronautical
industry, the following proposals have been thought about the generation of plasma by dielectric barrier surface
discharge:
• Study of the effect of humidity
• Study of the effect of temperature
• Study of the thickness of the dielectric (height)
• Limit study of devices
• Study with different types of air currents
• Research with more materials
• Research with ferroelectric materials or high dielectric constant
• Development of devices in which the dielectric is embedded
• Development of devices in which part of the electrodes are encapsulated in the substrate
• Different ways of developing the electrodes, for example, by deposition of microns thick conductive coatings
through plasma
• To develop multi-band devices with microns of thickness between the bands through high accuracy manufac-
turing systems such as lasers
• Study of the influence of the shape of the dielectric, adapting it, for example to the curve of the part of the
aerodynamic profile in which it could be placed, and to study efficiency
• Ionic wind measurement
• etc.
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